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ABSTRACT

Perovskites are a novel class of materials that have piqued the interest of
researchers in photovoltaics, photodetectors, and optoelectronics. In this study, we
measure and elucidate in situ ultrafast carrier dynamics in both organic and inorganic,
lead, and non-lead-based halide perovskite thin films using ultrafast photocurrent
spectroscopy (UPCS) with a sub-25 ps time resolution. The UPCS technique enables us
to define carrier transport dynamics in spatial, temporal, and energy landscapes via
measurements at different electric fields, laser intensities, and temperatures. Here we
explore and analyze solution-processed bulk MAPbI3 and nanocrystalline CsPbI3-based
devices and novel non-lead double-layered perovskite devices through UPCS. In
particular, we elucidate carrier transport dynamics focusing on early-time phonon
interactions and the role played by the material defects. From our data and analysis, we
successfully elucidated the role of ultra-shallow trap levels in MAPbI3 for the first time,
while in nanocrystalline CsPbI3, we identified the optical phonon responsible for carrier
phonon scattering through the analysis of the transport index number. Regarding doublelayered perovskites, spectroscopic analysis of their charge carrier dynamics revealed the
feasibility of using them in future optoelectronic applications. The design of lead-free,
environmentally friendly perovskites can potentially replace current lead-based materials.
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1. CHAPTER ONE
MOTIVATION AND OVERVIEW

Carrier dynamics is central to the operation of various optoelectronic devices such
as photodiodes, photoconductors, transistors, photoemitters, and photodetectors. It is the
foundation for understanding and developing the next generation of optoelectronic
devices and is therefore of interest to researchers in several fields such as physics,
material science, and electronics.
With the growing demand for newer and faster technologies that can provide
more efficient and cheaper device solutions for renewable energy, lighting, consumer
electronics, medicine, and military applications, the synthesis, characterization, and
testing of new materials have become of supreme importance. To that end, the solutionprocessed semiconductors, including organic, inorganic, and hybrid semiconductors, play
a crucial role over the bulk-grown crystalline semiconductors due to larger carrier
mobilities, their easy-processing ability, flexibility, and low-cost properties. Currently,
the scientific community is intensely researching organic/inorganic metal halide
perovskites, which are highly defect-tolerant semiconductors.
Growing energy requirements combined with environmental concerns
(greenhouse effect, global warming) and the eventual depletion of fossil fuel reserves
have driven the rise in the need for renewable forms of energy. Although wind,
geothermal, hydrothermal, tidal, and biomass are sources that can be used, energy
generation is either inefficient, expensive, and/or scarcely available. Hence, the cheapest
and readily available form of energy is solar. Currently, solar energy harvesting is

1

dominated by silicon-based solar cells, but their high cost and low efficiency require new
materials to be developed soon. Thanks to the accelerated research pace which found
perovskites at the forefront of these emerging materials mainly due to their costeffectiveness and ease of production through solution processing. Specifically, after a

Figure 0.1: Growth of perovskite solar cells. Comparison and predictive
growth of different forms of photovoltaic solar cell technologies.
Reproduced from ref. 2.
decade of research and development, efficiency rates of perovskite panels have risen
from 2% in the early 1990s to close to 30% (Tandem cells) in 20211, 2, outperforming the
best available silicon panels in the current market. Environmental concerns are also a
driving factor in lighting and consumer electronics, where energy saving, and low carbon
footprint are key factors in the light-emitting diode (LED) revolution. Perovskite-based
LEDs (PeLEDs) have recently emerged as ideal candidates for both lighting and screen
technology due to their remarkable photoelectric properties, such as high

2

photoluminescence quantum yields (PLQYs), easy wavelength tuning, and longer
lifetimes. In addition to these two broad applications, perovskites are also useful in the
development of next-generation lasers, photodetectors, and X-ray detectors.
To further the development of perovskite-based devices and improve their
functional properties, understanding the carrier transport dynamics while the devices are
operating is crucial. A crucial drawback for perovskites is their large defect density
arising from the low-temperature solution-processed synthesis, which hampers carrier
flow, thereby reducing efficiency. Although remedies such as defect passivation, layered
structure formation, and nanocrystal synthesis are being employed, knowledge of trap
carrier dynamics, both shallow and deep, is important in engineering better devices. To
this end, we discuss the effects of trap dynamics and map the trap parameters, particularly
at ultrafast (picoseconds to nanoseconds) time ranges in Chapter 3.
Improving efficiency is another crucial factor in developing perovskite devices,
and thermal losses play a crucial role in reduced efficiency. Chapter 4 discusses why
carrier phonon interactions in perovskites are important. Specifically, we show that the
‘hot carriers’ contribution to photocurrent would yield a remarkable jump in solar cell
efficiencies. Additionally, we shed light on the ‘phonon bottleneck’ phenomenon in
perovskites that has yet to be clarified.
Perovskite’s unique lattice structure plays a key role in why this material is useful
in many of the above applications. A drawback in most perovskite materials is that they
contain low concentrations of toxic ions that can have long-term adverse impacts on both
health and the environment. Thus, replacing these toxic elements with non-toxic or lesser

3

ones is another priority. Chapter 5 reviews several such new elements in perovskites and
looks at their influence on transport properties through ultrafast photocurrent
spectroscopy (UPCS).
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2. CHAPTER TWO
REVIEW OF PEROVSKITE SEMICONDUCTORS, SYNTHESIS AND CARRIER
TRANSPORT DYNAMICS
2.1 A Brief Overview of Perovskites

Perovskites are a class of materials that consists of a crystal structure with the
chemical formula ABX3, where A and B represent different cations and X is an anion. In
nature, they are classified as mineral oxides, and CaTiO3 is the first such perovskite that
was discovered. This perovskite was found within a piece of chlorite-rich skarn by
Gustav Rose, a Prussian (now Germany) mineralogist, in 1832, and he named it after a
19th-century Russian mineralogist, Count Lev A. Perovskiy. A series of oxides that
consists of the same chemical formula was later discovered, thus, leading to a class of
metal oxides, with formula ABO3, now referred to as perovskites3.
Although these mineral oxides showed great potential for ferroelectric,
piezoelectric, dielectric, and pyroelectric applications, they lacked the semiconducting
properties required for optoelectronic devices such as solar cells and photoconductors,
etc. In the late 19th century, a new class of halide perovskites with semiconducting
properties was discovered in which halide anions were present instead of the oxide
anions. This discovery led to the classification of the ABX3 structure, which typically
exists in the cubic, tetragonal, orthorhombic, or a mixture of these crystalline phases. The
cubic phase of a perovskite structure is shown in Fig. 2.1.1, where the A cation can be
either an inorganic alkali ion such as Cs+ or an organic molecule such as
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Figure 0.1: Perovskite structure. The general crystal
structure showing cubic phase of perovskite.
methylammonium (CH3NH3+ or MA+)4 or formamidinium (CH(NH2)2+ or FA+)5, B is a
metal which is generally Pb2+ or Sn2+ and X is a halide (Cl-, Br-, I-) anion. In the cubic
phase (Fig. 2.1.1), the B (or A) cations are surrounded by an octahedron (or
cuboctahedron) of the halide anion, resulting in a crystal structure with a 6-fold (or 12fold) coordination symmetry. Although this form of perovskite was discovered in the
early 19th century, interest in its properties and characteristics only grew much later with
the invention of a perovskite-based solar cell (PSC) in 2009 by Tsutomu Miyasaka and
his group at Toin University in Japan. Interestingly at that time, the halide perovskite was
used as a light absorber instead of the organic material (e.g., fullerene), which was used
in the manufacture of solar cells 6.
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2.2 Properties of Perovskite Thin Films

Properties of halide perovskites have been extensively studied since the renewed
interest in this material as a potential replacement for silicon in solar cells. To further
enhance the final device performance, understanding these materials' excellent optical
and electrical properties is paramount. Because of this, many research groups have
dedicated their time and effort to modeling properties of different perovskites,
particularly using the more advanced computing technology available today and firstprinciple calculations using density functional theory (DFT)7-9 and also modeling using
molecular dynamics10-12. Accordingly, we clarify the properties of halide perovskites
under several sections below.
2.2.1 Crystalline properties

Organic/inorganic metal halide perovskites typically exhibit a crystalline
structure, where the stability of structure depends on the ionic radii of the individual
components or ions that make up the perovskite. To quantify the stability of these
materials, Goldschmidt13 proposed a tolerance factor t in 1926, where t is given by

t=

RA + RX
,
2 RB + RX

2.2.1

where RA, RB, and RX are the ionic radii of A cation, B metal, and C anion, respectively.
For a stable perovskite, the tolerance factor must be between 0.8 and 1, which requires RA
to be large. Thus, the most stable halide perovskites reported in the literature have either
the large organic cations MA+ or FA+ or the inorganic cation Cs+. The tolerance factor
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can also be used to determine the perovskite phase. The well-known cubic structure
(space group Pm3m ) has a tolerance factor of 1, which decreases to 0.8 when the
structure changes from tetragonal (space group P4mm) to orthorhombic (space group
Pnma). This phase change occurs due to the change in temperature as seen in Fig. 2.2.1.
For example, MAPbI3, which we study in Chapter 3, exhibits the cubic high temperature

Figure 0.1: Phases of Perovskite. The orthorhombic, tetragonal, and cubic
crystal structures of halide perovskites[ref?]. The phase of the perovskite
depends on its lattice temperature with a tolerance change from 0.8
(orthorhombic) to 1 (cubic).
(HT) phase above 310 K, which changes to the tetragonal phase at room temperature
(room temperature phase or RT). The orthorhombic phase is generally considered the
low-temperature phase (LT), and for MAPbI3, it occurs at ~160 K. Although uncommon
tolerance factors above 1 have also been reported for layered perovskite structures, they
pertain to perovskite structures involving Cl- and the rare F- halides14. The phase
transitions observed in these materials are typically in the first order15, 16. This is due to
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the coexistence of the cubic and tetragonal phases over a range of temperature in all
cases, particularly in MAPbI3.15
2.2.2 Electronic properties

The electronic band structure of perovskites, including density of states,
conduction band, and valance band positions, have been extensively studied using DFT
by various reserchers17-19. Figure 2.2.2 highlights the band structure of MAPbI3 and
FAPbI3 perovskites and the direct bandgap at the Brillouin zone's R point (R represents a
corner point in a simple cubic or orthorhombic lattice), which is the primary reason for

Figure 0.2: Band structure of organic lead halide perovskites calculated from DFT. As
seen in panels (a) (for MAPbI3) and (b) (FAPbI3) the band gaps are present at the R
point in k space. The green and red traces represent, respectively, the 6p orbitals of I
and the empty 6p orbitals of Pb. The zone boundary points are M and R. Reproduced
with permission from ref. 19. Copyright 2014 American Physical Society. Please
comment on the figure in the middle.
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their use in optoelectronic applications. As halide perovskites are semiconductors, the
valence band maximum (VBM) and conduction band minimum (CBM) levels are
important in determining the band structure. In the organic perovskites, these band
minima and maxima are determined by the atomic orbitals of the B cation and the X
halide. For example, in MAPbI3, the active elements are Pb and I. Its VBM results from
the strong coupling of the 6s orbitals of Pb and the 5p orbitals of I (with the majority
contribution from I), while the CBM is formed solely due to the empty 6p orbitals of Pb3,
20, 21

. As seen in Fig. 2.2.2, DFT studies have also shown a conduction band splitting

mainly due to the spin-orbit coupling between the Pb and I ions due to their large atomic
masses22. Thus, the actual energy level values will depend on the electron affinity (energy
required to form a negative ion via electron addition) of the I- ion for the VBM and the
ionization energy (energy required to form a positive ion via electron discharge) of the
Pb2+ ion for the CBM. In general, the organic metal iodide perovskites have lower
bandgaps, while the inorganic metal iodide perovskites tend to have larger bandgaps, as
seen in Fig. 2.2.3. Considering the electron affinity and ionization energies, the bandgap
generally increases with the halide ion from I to Br to Cl. At the same time, it also
increases with the change in B cation increasing from Sn to Pb23. From the above DFT
calculations, it is also apparent that the A cation (MA, FA, or Cs) does not contribute to
the band edges, but as we will see in Chapter 4, they play an important role in phonon
scattering transport and the stabilization of the perovskite structure.
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Figure 0.3: Schematic energy level diagram of 18 metal halide perovskites. The
band gaps increase with the decrease in the ionic radii of the halide anion (X).
This depends on the electron affinity and ionization energies of X anion and B
cation respectively. Reproduced from ref. 21.

2.2.3 Optical absorption

Perovskites exhibit strong optical absorption, hence, their use in optoelectronic
devices. The optical absorption of perovskite thin films as well as any semiconductor thin
film is gauged through the absorption coefficient (α), which describes the penetration
depth of light of a certain wavelength into a material prior to light being totally absorbed.
The absorption coefficient is calculated by the Beer-Lambert law24, 25 given by
2
1  (1 − R ) 
 = ln 
,

t  T


2.2.2

where t is the sample thickness, R is the reflection coefficient, and T is the transmission
coefficient. The above equation can also be written using absorbance (A) or optical
density as
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 = 2.303

A
.
t

2.2.3

The absorbance of light is given by
 I 
A = log10   ,
 IT 

2.2.4

where I is the initial intensity, and IT is the transmitted intensity of light. Figures 2.2.4a
and b show the absorption coefficient measured for CsPbI3 and the measured absorption

Figure 0.4: Absorbance and absorption coefficient spectra. (a) Absorption
coefficient of CsPbI3 nanocrystal thin film. (b) Effective absorption coefficient
measured at room temperature of MAPbI3 perovskite thin film compared to
several other photovoltaic materials, including amorphous silicon (a-Si), GaAs,
CIGS, CdTe, and crystalline silicon (c-Si). Reproduced from ref. 24
coefficient for MAPbI3 thin films. The effective absorption coefficient spectra show that
above the bandgap of MAPbI3 (1.59 eV), the perovskite has a higher or similar
absorption coefficient as reported for other materials26. The spectrum shows a sharp
shoulder just below the bandgap and is followed by a near-ideal exponential drop toward
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lower energies (Fig. 2.2.4a). The slope of this exponential drop in the energy spectrum
(also known as the Urbach tail, which appears near the optical band edge) gives the
Urbach energy, which represents the energy of states present near the absorption edge
and quantifies crystalline disorder. The relationship between Urbach energy (Eu) and the
absorption coefficient (α) is given by
h
Eu

 =  0e ,

2.2.5

where α0 is a material dependent coefficient and h𝜈 is the photon energy27, 28. The Urbach
energy for MAPbI3 (~15 meV) is much lower than amorphous silicon (40-45 meV),
implying that the structural disorder is very low in crystalline MAPbI3. The low Urbach
energy also indicates that defects in perovskites mainly exist at shallow levels, while
materials such as amorphous silicon have defects at much deeper levels.
2.3. General Steps for Perovskite Device Preparation

The bulk and nanocrystalline thin-film perovskites are primarily prepared from
solution precursors, and the synthesis procedure is known as wet chemical synthesis.
2.3.1 Wet chemical synthesis

As perovskites are very sensitive to both O2 and water, which tend to deteriorate
the perovskites, the perovskite thin-film coating on substrates must be done under an inert
gas atmosphere. To this end, a standing piece of glassware known as the Schlenk line29 is
set up inside a standard fume hood as seen in Fig. 2.3.1. The Schlenk line is used to
prepare the required precursor and base solution at a desired temperature and time in an
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inert gas environment. A three-necked round bottom flask is used for the reaction (Fig.
2.3.2), and the temperature is measured via a thermocouple. The mixing of the precursors
is done via the hot injection method, where one precursor is quickly injected into the
other at a higher temperature to maintain the uniformity of perovskite formation.

Figure 2.3.1: Schlenk line used for synthesis. The
perovskites are synthesized by mixing two precursors
under inert gas atmosphere using this apparatus.
Reproduced from ref. 27.

After synthesis, the perovskite solution is transferred into a nitrogen filled glass
tube (vial) such that the solution can be transferred (to a glovebox) in an inert
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Figure 2.3.2: Hot injection method. Precursors are synthesized in three
necked round bottom flasks and premade precursor is quickly injected
into the second precursor under high temperature and inert gas
atmosphere.
atmosphere. For this purpose, the glass tube is degassed 3-4 times to remove air and
moisture. A double ended needle is used to transfer the perovskite solution from the flask
into the degassed glass tube. After the solution has been completely transferred into the
tube it is refilled with nitrogen and the needle is removed. The solution can then be
moved to an inert gas environment (glovebox). Depending on the type of perovskite i.e.,
bulk or nanocrystal the final solution should be washed several times using a solvent
(methanol, hexane etc.) to further purify the material.
2.3.2 Thin film deposition

To form thin films, we employed two different methodologies depending on
required film thickness, uniformity, and requirements, such as controlled surface
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chemistry, which is a prerequisite for good charge transport and defect passivation. The
perovskite solution was deposited onto a quartz or sapphire substrate.
1. Drop and dip coating:
The most commonly used methods for depositing large batches of thin films are drop
coating and dip coating processes30. Drop coating is the simplest and easiest method
among all coating methodologies, wherein a drop of the material is deposited on the
substrate and then left to dry (Fig. 2.3.3a). In the case of perovskites, they are usually in
solvent alcohol which evaporates, leaving a thin film of material on the substrate.
Although this method is simple and less time-consuming, it is unsuitable because of the
final film's low quality, which does not meet the requirements of high-efficiency optical
measurements31.

As shown in Fig. 2.3.3b, the dip-coating process is performed in 5 steps. i) immersion,
where the substrate is initially dipped into the solution, then ii) withdrawal from the
solution after a few seconds, which results in iii) the deposition of a thin film of material
on the substrate and, once fully withdrawn iv) letting all the excess material drain out.
Finally, v) the evaporation of the solvent is ensured by letting the substrate dry for a few
minutes. The biggest advantage of dip over drop-casting is that we have better control
over the film thickness, which can be estimated by a modified viscous flow equation
known as the Landau-Levich equation32 given by
2

( ) 3

h=c



1
6
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,

2.3.1

Figure 2.3.3: Wet coating methods. Two of the widely used methods for thin-film
deposition are (a) drop casting and (b) dip coating. Both methods can be used to deposit
both bulk and quantum dot solutions. In this example, the material is a colloidal quantum
dot (CQD) solution. Reproduced from ref. 28.
where h, η, 𝜈, γLV, ρ, and g, are the coating thickness, withdrawal speed, viscosity, liquidvapor surface tension, the density of the solution, and gravity which is the draining force,
respectively. Here c is a constant related to the rheological properties of the solution, and
for Newtonian liquids, c = 0.9433. Dip coating is also more favorable to spin coating as it
can reduce surface cracking34, particularly for coating perovskite nanocrystals because
several layers are needed for good device performance.
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2. Spin coating:
The spin coating is another commonly used wet deposition technique. The main
advantage of this method over the other techniques is its fast-spinning motion, which
quickly dries the deposited film on the substrate. Moreover, the film is coated evenly on
the top surface of the substrate by the centrifugal force acting on the material deposited
on the substrate. The film formation happens in three distinct steps, as noted in Fig. 2.3.4.
Like the dip-coating technique, we can control the thickness of the film according to the
following equation

Figure 2.3.4: Spin casting technique. Three steps are involved in the spin coating
process. (a) Drop-casting the solution on the spinning substrate, (b) removal of extra
solution via centrifugal force and evaporation. (c) drying of the thin-film by spinning.
Reproduced from ref. 28.

1

   3nm  3
h = 1 − f 
 ,
i  2 i 2 


2.3.2

where ρf, ρi, n, m, ω are the final density of the solution, initial density of the solution,
viscosity of the solution, rate of evaporation and angular speed of rotation of the coater.
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2.3.3 Final device fabrication

Figure 2.3.5: Thermal evaporation. (a) Edwards vacuum coater is used to deposit the
metallic contacts. The metal is first heated and liquified and then (b) evaporated onto
the substrate above (reproduced from ref. 33). (c) our electrodes have a width of 2 mm
with a gap in between and the dimension of the substrate is 20 mm × 20 mm×1 mm.

The physical vapor deposition (PVD) method prepares the device used in the
photocurrent experiments by depositing electrodes (gold, silver, or aluminum) either on a
bare substrate or on the perovskite thin-film (Fig. 2.3.5c). In this instance, we use
thermal evaporation35 as it is one of the simplest forms of PVD methods. The PVD
typically uses a resistive heat source to evaporate the metals mentioned above in a
vacuum to form a thin layer on the substrate or the perovskite thin-film. The metals are
heated under a high vacuum chamber until they are liquified and then vaporized. The
evaporated material then rises to the top and is deposited on the substrate, as shown in
Fig. 2.3.5. The evaporator we used is an Edwards AUTO 306 Vacuum Coater with
Turbomolecular Pumping System.

19

2.4 Transport Dynamics

This work focuses on the carrier transport dynamics in perovskite thin-films in the
ultrafast region, i.e., < 1 ns. The transport in this region is dependent on two factors.
1. Defect scattering, and
2. Phonon scattering.
The characterization of transport dynamics involves the excitation of carriers using a
photon energy source (in our case, a 400 nm femtosecond laser pulse) in the presence of
an external electric field to induce carrier drift and the subsequent analysis of the
corresponding photocurrent decay patterns. Our approach allows calculating mobilities,
lifetimes, trap parameters, etc. (see Appendix A for general calculations and uncertainty
analysis method). While decaying spectroscopic signals are analyzed in optical
spectroscopy, real-time carrier transport properties in functioning devices are still not
clearly understood. This knowledge gap will be further discussed in Chapters 3 and 4.
The term ‘real-time’ or aka ‘in situ’ refers to the measurement of the carrier transport in a
working device. The in situ measurements will aid in a better understanding of device
performance, which isn’t possible using techniques such as photoluminescence-based
spectroscopies, where carrier drift is absent.
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2.4.1 Defect assisted transport dynamics

Defects play a key role in transport dynamics, particularly in halide perovskites,
as solution-processing at room temperature to prepare thin-film samples leads to high
defect densities. In lead halide perovskites, these defects can be categorized as intrinsic
and extrinsic. As seen in Fig. 2.4.1, the intrinsic defects refer to point defects native to the
lattice, which include interstitial (added) atoms of the same type, the presence of
vacancies, i.e., missing atoms, atoms that have been exchanged, or anti-site substituted
atoms, and line defects. In contrast, extrinsic point defects are caused by the presence of
foreign atoms such as dopant elements in the crystal structure36 and external breaks in the
crystalline structure i.e. grain boundaries.

Figure 2.4.1: Types of defects. Schematic overview of intrinsic (int.) and extrinsic
(ext.) defect types in halide perovskites, relative to an ideal lattice. Defects which
have been identified experiments are indicated by ‘*’. Reproduced from ref. 34.
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In general, most of the defects present in solution-processed halide perovskites are
extrinsic defects that get incorporated into the crystal structure during crystallization,
resulting in localized stoichiometry deviations. The two principal sources of these
extrinsic defects occur at the grain boundaries and the terminating surface states during
synthesis, e.g., spin coating of thin-films. Here, we characterize and identify defects
(traps) at ultra-shallow to shallow levels using photocurrent as a medium. The following
characteristics of defects will appear in subsequent discussions:
1. Trap depth: Calculated directly from the temperature-dependent ultrafast
photocurrent, which is equivalent to the activation energy deduced from an
Arrhenius equation.
2. Trap density: Found via integration of the photocurrent signal as a function of
time. Represents the total number of traps per unit area.
3. De-trapping rate: Rate of carrier emission from trapped states.
4. Capture cross-section: The effective area of a single defect within which carriers
can get trapped.
5. Trapping rate: Rate of carriers getting trapped within defects.
Apart from the trap depth and trap density, the rest of the trap characteristics are dependent
on the type of transport mechanism that drives the excited charge carriers to move within
the device. Depending on the temperature and the applied external electric field, three
possible transport models can be used to explain carrier transport37.
i.

Poole-Frenkel model

ii.

Phonon-assisted transport model
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iii.

Traditional tunneling model

i. Poole-Frenkel model
Of the above three, the Poole-Frenkel model (aka Poole-Frenkel emission) is the most wellknown mechanism. It describes an increase in the number of carriers, or de-trapping rate
of carriers, due to the lowering of the potential barrier by an external applied electric field38.
The general equation is given by

k ( F ) = k (0)e

  Ei 
−

 k BT 

,

2.4.1

where k(E) and k(0) represent the emission rates under non-zero and zero electric fields,
respectively. Here Ei is the trap's ionization energy, representing the barrier height. The
above equation is derived from energy conservation, where the carriers inside the trap are
subjected to a Coulombic potential due to the electric field F, which acts in the -z
direction (Fig. 2.4.2). Thus, the potential of the carriers can be written as
V ( z) = −

q2
4 z

− qFz cos  ,

2.4.2

where q is the electronic charge and ε is the dielectric constant of the host crystal, F is the
external field, and θ is the band tilting angle. As seen in Fig. 2.4.2, there is a potential
minimum at a point between θ = 0 and θ = π/2, where z = zmax and

V ( z )
= 0 . Then we
z

have,
1

zmax

q

2
=
 ,
 4 F cos  
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2.4.3

Thus, the change in the potential barrier due to the presence of the field (δEi) can be
found as
1

 qF cos   2
 Ei = V ( zmax ) = −q 
 ,
  

2.4.4

Then,
1

kn ( F ) = k (0)e

 q3 cos F  2  1 

 



  k BT 

,

Figure 2.4.2: Mechanisms of trap assisted transport.
There are three mechanisms that can occur for field
assisted emissions: Poole-Frenkel emission, phononassisted tunneling, and traditional tunneling.
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2.4.5

 k (F ) 
Hence for the Poole Frenkel model, ln  n
  F .
 k ( 0) 

ii. Phonon assisted tunneling model
In this model, the trapped carriers absorb a phonon and tunnel through the reduced barrier
height due to the tilting of the band caused by the external electric field. Compared to the
Poole Frenkel model, the emission rate depends on two factors: thermal emission rate
(same as the PF model) and the tunneling rate (ktun). Then
k = kn + ktun ,

2.4.6

and the tunneling rate is found using a quantum mechanical approach. Using a timeindependent perturbation approach and Fermi’s golden rule, the tunneling rate
corresponds to a transition probability per unit time is given by

P=k =

2

 f Fz i
f

2

 ( E f − Ei ) ,

2.4.7

where i =  i , f =  f , Ei, and Ef are the initial bound state, final state, and the initial
and final energies, respectively. To obtain the tunneling rate explicitly, we apply
Schrödinger’s equation and use the WKB approximation38 to find analytical expressions
for ψi, and ψf, respectively. Thus, the final emission rate is given by

k ( F ) = k (0)e
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2.4.8

3m*
where m* is the effective mass of the
e 2 3

where Fc is the characteristic field given by

carrier, and τ is the tunneling time. For MAPbI3 the effective mass is me* = 0.23m0 (

 k (F ) 
2
m0 = 9.1110−31 kg)39. Thus, for the phonon assisted tunneling model ln 
F .
 k (0) 
iii. Traditional Tunneling
The traditional tunneling model is derived in the same way as the tunneling part of the
PAT model. The emission rate is dependent only on the tunneling rate, and the
probability of tunneling can be calculated quantum mechanically from the WKB
approximation. In general, most emissions follow either PF or the PAT model, while
traditional tunneling is rare due to large potential barriers.
2.4.2 Carrier Phonon interactions and phonon relaxation

Another key parameter of early-time transport dynamics is the carrier interactions
with phonons. Instantly after excitation, charge carriers are termed as ‘free carriers’ and
they can be described by Fermi Dirac distributions. These excited ‘free’ carriers with
unstable high energies relax back to their equilibrium state in several stages. The carrier
relaxation process is shown in Fig. 2.4.3, reaching equilibrium through thermalization,
cooling, and recombination. Carrier-carrier and carrier-phonon interactions play a key
role in this decay process. During thermalization i.e ~10 to ~100 fs after excitation,
carrier energy loss is mainly via carrier-carrier interactions. This is followed by carrierphonon interactions. In semiconductors, this is generally on the order of 100 fs40. The
carriers will attain excess energy greater than the lattice temperature during
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Figure 2.4.3: Charge carrier distribution in the valence (VB) and conduction band (CB) of
a semiconductor. (a) At equilibrium (0), some charge carriers will populate the conduction
band minimum (electrons) and valence band maximum (holes) by thermal absorption from
the lattice. Photoexcitation then promotes an excess number of electrons (from VB) into
the CB and holes (from CB) into the VB (1). Ultrafast elastic carrier-carrier scattering will
set in (2) and transform the nonequilibrium carrier distribution to a thermal distribution of

hot carriers in the CB/VB (3). Carrier cooling (4) will equilibrate the temperatures before
eventual carrier recombination. Δμ describes the difference in chemical potential or the
separation between the electron and hole quasi fermi levels and Teh and TL are the
temperatures of charge carriers and the lattice respectively. (b) The cooling for electrons
and holes in parabolic bands of unequal curvature (thus different carrier effective masses).
In polar materials, the initial energy loss predominantly occurs through the emission of
longitudinal optical phonons (LO). Reproduced from Ref. 38.
thermalization. Thus, these carriers are known as ‘hot carriers’, and one of the key
research areas in perovskite optoelectronics is the search for materials with slow hot
carrier cooling. In other words, slow cooling might enable the collection of hot carriers
as the current, which will dramatically increase the efficiencies of light-harvesting, lightemitting, and light amplification technologies41-43.
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The carrier phonon scattering process occurs at the end of the thermalization process and
in the cooling phase of hot carriers. Initially, high energy relaxation processes are
governed by longitudinal optical (LO) phonon emissions, and these will eventually break
down into acoustic phonons under different mechanisms, as described in Fig. 2.4.4. In
essence, these processes happen in high fs to low ps time ranges; hence, the measurement
techniques should have fast response times. In most semiconductor materials, carriers
lose their large excess energy in a fs time scale thus, the simplest phonon relaxation
mechanism applicable is the Klemens method. This is due to the large energy drop from
LO to longitudinal acoustic (LA) phonon transitions that can be easily measured. In
comparison, Ridley, Bogani and Srivastava processes involve relatively shorter energy
decay steps involving transverse optical (TO) phonons as seen in Fig. 2.4.4 and accurate
measurement is problematic. In perovskites, the trapping processes described in section
2.4.1 happen only after this relaxation process through the above mentioned Klemens

Figure 2.4.4: Phonon relaxation mechanisms. (a) phonon Phonon decay route from the
zone center from for two optical branches (LO, TO) to two acoustic branches (LA, TA).
(b) Different pathways of phonon relaxation including Klemens (most common), Ridley,
Vallee-Bogani and Barman-Srivastava. Reproduced from Ref. 38.
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mechanism. Another phenomenon that can be explained through our UPCS
measurements on transport dynamics is the yet not so well understood “phonon
bottleneck” effect44. As shown in Fig. 2.4.4 a, the decay of LO phonons to acoustic
phonons can be suppressed, leading to longer carrier relaxation times which is critical for
capturing hot carriers45. Perovskites have been of particular interest when studying this
phenomenon45-47. In particular, nanocrystals48, 49 have been in focus due to the
enhancement of this phonon bottleneck effect due to quantum confinement.
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3. CHAPTER THREE
DEFECT SCATTERING AND ULTRAFAST CARRIER TRANSPORT DYNAMICS
IN 3D PEROVSKITES

This chapter describes my work on defect scattering in 3D perovskites using
methylammonium lead iodide thin film as a model system, which has been published as
the following article:
“In-situ observation of trapped carriers in organic metal halide perovskite films with
ultra-fast temporal and ultra-high energetic resolutions”. Kobbekaduwa, K., Shrestha,
S., Adhikari, P., Liu, E., Coleman, L., Zhang, J., Shi, Y., Zhou, Y., Bekenstein, Y., Yan,
F. and Rao, A.M., Tsai, H., Beard, M.C., Nie, W., and Gao, J., Nat Commun 12, 1636
(2021). https://doi.org/10.1038/s41467-021-21946-2
3.1 Introduction

Building a near-ideal optoelectronic or photonic device requires understanding all
carrier generation-decay processes, including their transport, recombination, and trap
dynamics. Trap (or defect) states and their twin “doping states” play key roles in
manipulating the electrical and optical properties in materials science and solid-state
physics. Hence, understanding the carrier dynamics of trap states is vital for materials
science and their applications in optoelectronic or photonic devices. This is particularly
important and urgent for organic metal halide perovskites, which contain high densities
of shallow trap states that undermine their otherwise superior device performance. The
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large trap state density results from solution-processed fabrication of these materials at
low temperatures36.
Although the power conversion efficiency (PCE) of perovskite solar cells has
soared to more than 25% in the last decade50, the PCE can be further improved by
reducing the recombination processes due to these trap states. The defect states impact
the solar cell stability and efficiency. Overcoming this adverse impact is a major
challenge in commercializing the solution-processing technology for perovskites. If the
solution-processed perovskites are made defect tolerant, they can be used in several
optoelectronic devices such as the light-emitting diodes (LED)51, 52, lasers53, 54,
photodetectors55, 56, and x-ray detectors57, 58. Despite all the tremendous work focused on
the correlation between the trap (or defect) states and perovskite film structure
characteristics (such as surface morphology, domain size, and grain boundaries), the
dynamics of trapped carriers in high densities of shallow trap states still remains
unclear59, 60. Thus, in situ observation of trapping dynamics is of paramount importance
in the evolution of perovskite-based optoelectronic and photonic devices.
The most popular approaches for studying trapped carrier dynamics are transient
absorption spectroscopy (TAS)61, 62 or similar pump-probe approaches63, 64 and timeresolved photoluminescence (TRPL)61, 65, 66. Despite the high temporal resolution (down
to a picosecond (ps) time scale for TAS), ultrafast optical spectroscopies are incapable of
directly probing the carriers as a current in operating optoelectronic devices because
these devices often operate in a zero external electric field environment when probed
optically. In other words, traditional ultrafast optical spectroscopies can only probe
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carriers that are localized (within a couple of nanometers) in regions of the sample due to
the absence of an external electric field that provides the push for the charge carriers.
Thus, traditional ultrafast optical techniques cannot elucidate long-range charge carrier
transport properties due to the absence of an external electric field. While new transient
absorption imaging techniques67, 68 have proven to be powerful, they probe long-range
diffusion dynamics through photon emission analysis, which results from the electronhole recombination. These long-range measurements are primarily focused on excitons,
which are charge-neutral electron-hole pairs that do not carry current, and thus aren’t
useful for in situ charge carrier transport studies required for operating devices. Because
of this, there is a significant gap between the ex situ study of carrier dynamics in
materials and the in situ studies of carrier dynamics in operating devices. An equally
important drawback is that they also lack the required energy resolution down to
millielectronvolts (meV) to reveal the shallow trap states (in the range of 100s of meV)
due to the low energy resolution of the probe beam. This drawback makes the detection
of ultra-shallow trap states even harder.
Other techniques, such as the time-of-flight photoconductivity69 and photo-charge
extraction by linearly increasing voltage (photo-CELIV)70 are capable of in situ studies of
trapped carrier dynamics and mapping shallow trap states by varying the temperature.
However, their temporal resolution is only in the nanosecond (ns) to microsecond (µs)
range due to device architecture. Hence, these techniques are ideal for characterizing
deeper trap levels for which carriers take an extended time period to decay, such as those
existing in the bulk of single-crystalline perovskites, as described by Musiienko et al.71, 72
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Moreover, for accurate measurements, these techniques require large device crosssections resulting in greater device RC constants that lead to device rise times in the order
of ~10 ns (see section 3.2.2). Thus, these techniques are “blind” to shallow trap dynamics
near the edge of the conduction band and occur in the ps-ns time scale or even less.
Therefore, a “temporal blind spot” exists in the ps-ns time range in operating devices,
which hinders the characterization of shallow defects. Given all these constraints, my
work aims to bridge the following knowledge gaps in i) ex situ ultrafast carrier dynamics
of perovskite materials and in situ carrier dynamics in operating devices; ii) the ps time
resolution offered by the optical approach and the ns time resolution response present in
the device approach, and iii) carrier dynamics using temperature as a ruler and measure
trap states with ultrahigh energy resolution.
This chapter focuses on using the ultrafast photocurrent spectroscopy (UPCS)
technique (time resolution of sub-25 ps) to understand the carrier trapping mechanism in
organic-inorganic metal halide perovskite materials, e.g., a defect-filled
methylammonium lead iodide (MAPbI3) perovskite system73, 74 Upon ultrafast laser
excitation, we found that the trapped carriers exhibit two transport mechanisms:
1) Phonon-assisted tunneling (PAT) in the 25 ps to ~ 220 ps time frame when the
carriers move from the trap states to the lower conduction band (CB) via
tunneling through the energy barrier. This process is mediated via phonon
absorption (~1.72 meV to 10.15 meV), which we deduce from time-dependent
activation energies.
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2) Hopping mechanism within shallow trap states (> 10.15 meV) after ~ 220 ps. The
time-independent activation energies are deduced by using temperature as a ruler
to obtain an ultrahigh-energy resolution that cannot be achieved using other
techniques. The hopping mechanism is further validated by correlating the trap
state properties with carrier mobility (minimum estimate of ~ 4 cm2V-1s-1 for a
quantum yield of 100 %) and carrier lifetime (~1 ns as seen in Fig. B-1 in
appendix B).
3.2 Material and Methods

3.2.1 Synthesis Procedure

The synthesis of methylammonium lead iodide (MAPbI3) involves mixing two
chemical precursors. The initial precursor is synthesized by dissolving 360 mg of lead
iodide (PbI2) and an equimolar ratio of methylammonium iodide (MAI) in 0.5 ml of
dimethylformamide (DMF) and 0.5 ml dimethyl sulfoxide (DMSO) at 70 °C (343 K)
with constant stirring for 24 hours. The thin-film deposition should not be performed in
the ambient to reduce contaminants and unwanted reactions. Hence, the substrates were
transferred into an argon-filled glove box and heated at 170 °C. Subsequently, MAPbI3
perovskite films were deposited on the heated substrates via the hot-casting method,
wherein the precursor is briefly heated at 70 °C and spin-coated onto the preheated
substrate at 5000 rpm for 20 s. Figure 2.1.1 shows images of the film morphology at
different stages of synthesis75. A solution of MAPbI3 has a molecular weight percentage
of 33.42, 61.41 and 5.17% for lead, iodine and methylamine, respectively.
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Figure 0.1: Surface morphology images: The hot casted MA
perovskite films at (a) 170 oC and (b) 190 oC during the
synthesis
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3.2.2 Experimental Setup

The high-speed photoconductive devices were fabricated by integrating a
coplanar microstrip transmission line waveguide and MAPbI3 thin film photoconductors.
After synthesizing MAPbI3, a layer of this material is deposited inside the glove box on a
glass substrate by spin coating to form a 350 nm thin film. The subsequent thin film was
then integrated with pre-patterned coplanar gold (Au) transmission lines. This was done
to avoid silver, aluminum, or other contact-induced degradation of perovskites76, 77. The
transmission lines were separated by a 25 μm gap created with the help of a shadow mask
during thermal evaporation. The transmission line structure greatly reduces the device RC
time constant (τRC) by reducing device area and the electrode spacing since capacitance

Figure 0.2: Experimental schematic setup of UPCS. The thin film perovskite
photoconductive device is integrated into a microstrip transmission line structure
to have a sub-25 ps time resolution ultrafast photocurrent, which is collected by a
sampling oscilloscope. The ultrafast laser pulse duration is 130 fs. The top left
panel is the MAPbI3 lattice structure and thin film cross-section SEM image on
glass substrate.
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C=

A
, where A, d, and ε are the area of the active device (< 5×10-5 cm2), the electrode
d

spacing (25 μm), and permittivity of quartz (4.5ε0, ε0 ≈ 9×10-12 C2N−1m−2)78, respectively.
The calculated C value is, ~0.4 pF.
Photocurrent measurements were performed in a vacuum environment by
integrating the above devices within a custom-built sample holder placed inside a
cryostat. In addition to providing a sealed environment, the cryostat enables the sample
temperature to be varied under a vacuum. This setup prevents ionization reactions with
air and electrical arcing at high electric fields within the device. The external electric
field was generated by a source meter, and a 40 GHz sampling oscilloscope collected the
photocurrent. A 400 nm (3.1 eV) ultrafast pulsed laser with a 130 fs pulse (our time
resolution is 25 ps hence, for triggering measurements we require pulses which are lower)

Figure 0.3: Device cross-section. Photon absorption depth is ~200 nm whilst
the film thickness is ~350 nm. Hence, majority of the charge carriers excited
by 3.1 eV light are from the bulk thus, interface and surface effects on
photocurrent measurements are negligible.
illuminated the complete device area and excited the carriers up to ~200 nm deep in the
~0.35 μm (350 nm) thin-film shown Fig. 3.2.2. An ultra-fast response time of 25 ps was
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achieved. The limiting factors for this fast time resolution were the bandwidths of
photoconductive devices, the 40 GHz sampling oscilloscope, cables, and connectors.
The laser illuminates the whole device, including bulk perovskite film and
Au/perovskite interfaces (Fig. 3.2.3). Although there exists a Schottky barrier between
the Au/perovskite interfaces, the application of the external electric field helps in
lowering of the barrier (we only see a distinct photocurrent measurement when the
external electric field is applied)79, 80. As a result, charge carriers contributing to the
ultrafast photocurrent are mainly from the bulk of the film. This is further demonstrated
by the similar photocurrent decay trend when the laser illuminates from the film's bottom
or top side. (Fig. 3.2.4). The achieved time resolution (defined by the period between

Figure 0.4: Ultrafast photocurrent taken from both sides of the films.
Comparison of ultrafast photocurrent with laser illumination from the top
surface of device (dotted line) and through the quartz substrate from the
bottom. The applied electric field is 104 Vcm-1, laser flux of 0.4 μJcm-2 and
temperature is 300 K.
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10% and 90% of photocurrent peak) is ~ 25 ps, which is limited by the bandwidth of the
sampling oscilloscope, coaxial cables, and the photoconductive device impedance. The

Figure 0.5: Dark IV curve. The dark IV curve at 300 K measured across
the gap. At low voltages, the contact shows an Ohmic behavior. The

range considered is only 0-20 V as at higher voltage values, ion
migration will cause the curve to deviate from the ohmic regime.

ohmic nature of the contacts is shown by the dark IV given in Fig. 3.2.5
The UPCS experimental setup depicted in Fig. 3.2.2 is superior in temporal,
energy resolution, and in situ measurement to previously reported ultrafast techniques in
other semiconductor systems utilizing organic semiconductors81, 82, nanocrystal
semiconductors79, and 2D layered semiconductors80, 83, 84. In contrast to ultrafast optical
spectroscopies, the UPCS probes in situ the ultrafast carrier dynamics in operating
devices by directly collecting carriers as a current. Furthermore, UPCS measures the
photocurrent under diverse tunable experimental conditions such as temperature,
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excitation photon energy, photon density under linear and non-linear excitations, and an
electrical field. Using temperature as a gauge, UPCS can also measure the trap states with
an ultrahigh temporal resolution (trapping dynamics) to elucidate carrier photogeneration,
transport, and recombination processes.
3.3 Results

3.3.1 Temperature dependence of ultrafast photocurrent

Fig. 3.3.1a shows the normalized ultrafast photocurrent at various temperatures
under an electric field of 4×103 Vcm-1 and 20 μJcm-2 laser flux. The excitation photon
flux is kept in the linear excitation region to relate the carrier dynamics with the present

Figure 3.3.1: Ultrafast photocurrent dependence on temperature. (a) The
normalized ultrafast photocurrent decay at various temperatures. The inset is
decay constants dependence with temperature of region II and region III.
Arrhenius plots at various times of (b) region I, (c) region II, and (d) region III.
(e-g) The corresponding thermal activation energy dependence in the 180 K-320
K temperature range with time.
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understanding of similar solar cell operational conditions. The highlights from
observations made through multiple devices (see Fig. B-2 in appendix B for another
typical device) can be summarized in the following statements: 1) It is evident that there
are three distinct decay regions, marked by I, II, and III - beginning from the photocurrent
peak edge around 25 ps to ~ 100 ps (region I), followed by a short interim region from
100 ps to 240 ps (region II), and a longer decay process after 240 ps (region III), and 2)
All three regions show thermally activated behavior because the photocurrent decays
faster with decreasing temperature. This was confirmed through the temperature
dependence of the lifetime constants in regions II and III, τ2 and τ3, respectively, as
illustrated in the inset of Fig. 3.3.1a; 3) The decrease of photocurrent with decreasing
−

temperature can be represented by an Arrhenius relation ~ e

E
k BT

, where ΔE is the

activation energy, and kB is the Boltzmann constant. Accordingly, Figs. 3.3.1b - 3.3.1d
shows the photocurrent dependence with the temperature at different times in all 3
regions; 4) The charge carrier dynamics are described in terms of activation energy. The
activation energies are found from the slopes of Fig. 3.3.1b through Fig. 3.3.1d. We find
two different types of activation energies: i) time-dependent activation energies (from the
slopes of the dashed lines) in the 180 K-320 K temperature range, and ii) timeindependent activation energies (from the slopes of the solid lines) in the 80 K-180 K
temperature range. The time-dependent activation energies are then mapped in regions I,
II and III in Figs. 3.3.1e-g, respectively. In region I, the activation energy increases
steadily with time from 0.81 meV to 2.51 meV, while it increases rapidly from 2.51 meV
to 8.52 meV in region II. However, an activation energy level of 11.01 meV is nearly
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constant in region III at larger time values. The time-independent activation energies are
mapped separately (Fig. 3.3.2) and show an average energy of ~8 meV.

Figure 3.3.2: Activation energy variation in the 80-180K temperature

range. The dotted line represents the linear fitting for the variation from
25 ─ 2000 ps.

The trap level energies identified here with UPCS are far lower than those from
other optical and electrical methods such as TRPL85, time resolved microwave
conductivity technique (TRMC)86, photothermal deflection spectroscopy (PDS), and
Fourier transform photocurrent spectroscopy (FTPS)26. This difference is due to the lower
temporal and energy resolutions of the above techniques, particularly in the ns to μs
range, which impedes the measurement of ultra-shallow traps. These ultra-shallow traps
are a result of vacancies while the much deeper traps are due to grain boundaries. The
existence of ultra-shallow traps leads to ultrafast trapping events. These traps aid in faster
transport of charge carriers due to their proximity to the conduction band minimum
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(CBM), ease of de-trapping into the CBM, and lowering of the dominant non-radiative
recombination processes in organic lead halide perovskites87, 88 which typically result in
lower carrier transport times and higher device efficiency compared to deeper and slower
trapping events. In solar cells, this can increase the open-circuit voltage (Voc) from
carriers that can be extracted before trap-assisted recombination occurs89. The distinctive
use of temperature as a ruler for energy measurement is one of the unique features of the
ultra-shallow trap levels revealed by the UPCS. We also identify the trap densities to be
on the order of 1015 cm-3, which is consistent with shallow trap density values obtained
by other techniques such as space charge limiting current (SCLC)90, optical methods such
as TRPL91, TAS92, and from several other methods36, 93, 94 as well.
3.3.2 Transport mechanism

To describe the transport between the time-dependent and time-independent
thermal activation energies in these three temporal regions, we model our data with
phonon-assisted tunneling (PAT) mechanism followed by a hopping mechanism, as
shown in Fig. 3.3.3. In particular, we refer to the trap states under 10.15 meV and above
10.15 meV as ultra-shallow and shallow, respectively. Initially, the photogenerated
carriers relax to the band edge in less than 1 ps, then fall into ultra-shallow trap states in
less than 25 ps. Although we are yet to achieve a rise time resolution to resolve the
ultrafast carrier dynamics prior to 25 ps, the initial photocurrent peak can be attributed to
carriers falling into the trap state, as indicated by the slightly increasing photocurrent with
increasing temperature in Fig 3.3.4. Then, in the region I from 25 ps to 100 ps and region
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II from 100 ps to 220 ps, the carriers follow the PAT transport mechanism in ultrashallow trap states. The carriers tunnel through the energy barrier (now reduced by the

Figure 3.3.3: The schematic of phonon assisted tunneling (PAT) and hopping transport
dynamics. Charge carriers that initially fall into ultra-shallow trap states are;(I) detrapped on to the conduction band (Ec) via tunneling before slowly recombining, (II)
relax into slightly deeper ultra-shallow states and de-trapped again, (III) ‘hop’ between
shallow trap states. Only electron motion is demonstrated in the model since holes
follow the same mechanism. The zero-time point is set at 10 % of maximum
photocurrent. Note: To clarify the transport process and for convenience only some of

the typical states existing within each region are shown. Whereas in the actual case
trap levels in the regions between 0-2000 ps are continuous as seen in Fig. 3.3.1. The
valance band is depicted by Ev.
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applied electric field) between the ultra-shallow trap states and the CB. The activation
energy increase with time confirms the PAT transport mechanism. For instance, the

Figure 3.3.4: Photocurrent peak dependence with temperature. The shown
peak dependence indicates the slightly increasing thermal activation
behavior.
thermal activation increases from 1.01 meV at 55 ps to 8.53 meV at 200 ps. Similar
mechanisms have been reported in other low carrier mobility semiconductor systems,
including amorphous Selenium95 and organic amorphous polymers96, 97. In region III, the
carriers will hop among the shallow trap states until they fall into slightly deep trap states,
indicating a time-independent thermal activation. Although the carrier involved in this
study is an electron, a similar mechanism also applies to holes. The PAT, and later the
hopping transport mechanisms, are also consistent with the calculated lowest estimate
mobility from the photocurrent peak of ~ 4 cm2V-1s-1.
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3.3.3 Effect of the Variable External Electric Field

The carrier dynamics are further analyzed through the ultrafast photocurrent
dependence with a variable electric field (Fig. 3.3.5). As seen in the inset of Fig. 3.3.5b,
in the range 0 ~ 4×103 Vcm-1, the decay time constants τ2 and τ3 increase with increasing

Figure 3.3.5: Ultrafast photocurrent dependence on electric field. (a & b) The
ultrafast photocurrent and corresponding normalized photocurrent under 300 K.
(c & d) The ultrafast photocurrent and corresponding normalized photocurrent
under 180 K. The insets are the extracted decay times in region II, and III. Note
that the oscillations are a result of impedance mismatch, which slightly varies
with devices and do not correspond to an internal physical process.
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external electric field. This increase is due to the increase in the carrier de-trapping rate
since the trapped carriers in ultra-shallow trap states can be de-populated back to CB via
PAT by lowering the CB due to the applied electric field. The PAT model is further
confirmed through the ultrafast photocurrent dependence with the electric field at a low
temperature of 180 K shown in Fig. 3.3.5c and Fig. 3.3.5d, where due to sparse phonon
interactions the de-trapping process is suppressed even at larger electric fields (up to
4×103 Vcm-1). In the absence of large thermal energy, the decay time constants τ2 and τ3
are lower than that of the high temperature (300 K) measurements. Further increase of the
electric field (larger than 4×103 Vcm-1) at high temperatures decreases decay time, which
is contradictory to the de-trapping mechanism. This unusual behavior is attributed to the
onset of ion transport98 (shown in Fig. 3.3.6), which induces more recombination events.

Figure 3.3.6: Ion migration. The accumulation of Pb2+ and I- ions will
create an internal electric field (Fint) that opposes the applied electric field
(FExt).
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Although the Pb2+ and I- ion migration is ever present due to the application of an
external electric field, the migration of charge carriers is not impeded at lower electric
fields. We confirm this through the dependence of decay time for increasing electric
fields shown in the insets of Figs 3.3.5b and 3.3.5d. Here, the decay time changes from an
initial increasing trend to a decreasing trend with the shift occurring at an electric field of
~4×103 Vcm-1. The decay trend is due to the screening of the charge carrier flow by an
internal electric field that is directionally opposite to the externally applied electric field.
The accumulation of the migrating ions on the perovskite-gold interfaces forms the
internal electric field, and its strength is proportional to the applied external electric field.
The observed reduction of τ2 and τ3 (insets of Figs. 3.3.5b and 3.3.5d) is indicative of this
process where the rate of recombination (1/τ2 or 1/τ3) becomes larger at electric fields >
4×103 Vcm-1 as carrier de-trapping is reduced. An increase in carrier recombination leads
to a decrease in the charge carriers collected as the photocurrent, leading to saturation in
peak photocurrent at larger external electric fields. To further validate this trap-assisted
transport behavior, we measure the ultrafast photocurrent dependence with laser fluence
to confirm the process (Fig. 3.3.7).
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Figure 3.3.7: Ultrafast photocurrent dependence on laser intensity. Ultrafast
photocurrent at 300 K (a) and 80 K (c). The photocurrent peak dependence with the
excitation intensities is shown in the inset along with the slope value. The normalized
photocurrent with rates of decay (insets) in regions II and III for 300 K (b) and 80 K
(d) were found via bi-exponential fitting.

3.4 Discussion

To quantitively validate the transport mechanisms measured in I, II, and III
regions and categorize trapped carrier transport on energy and temporal scales, we focus
on the rate dynamics of the PAT model to describe carrier trapping and de-trapping
dynamics. Moreover, the PAT model has been used successfully to describe the de-
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trapping effects of trap states in organic and amorphous semiconductors37, but to our
knowledge has not been incorporated into perovskites thus far due to the inability to
measure ultra-shallow trap levels. In the PAT model, the carrier emission rate from the
trap states can be written as
k (T , F ) = k0e

 E − F 2 
− a
 k T 
B



,

3.4.1

where k(T,F) is the temperature (T) and electric field (F) dependent emission rate, k0 is
the zero-emission rate, kB is the Boltzmann constant, Ea is the zero-field trap level, α is a
constant related to the material permittivity. The calculated parameters valid in the 180 K
– 300 K region are listed in table 1, and a more comprehensive set of parameters are
shown in Table B1 in Appendix B.
Table 3.4.1: Trap parameters for all decay regions in MAPbI3 thin film.
Decay Trap level (Ea) Trap density
Trapping
De-trapping

Capture cross

region

(meV)

(cm-3)

rate (s-1)

rate (s-1)

section (cm2)

I

1.72

3×1015

1.14×1011

3.7×1010

1.02×10-16

II

7.02

2.6×1015

2.94×1010

2.17×1010

7.37×10-17

III

11.17

2.3×1015

1.53×109

1.41×109

2.60×10-18
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According to eq. 3.4.1, de-trapping rates are influenced by both temperature and
electric field. Here we are trying to find the de-trapping rates at room temperature. In
region I, the room temperature zero-field emission rates (Fig. 3.4.1a) are most accurate

b

a

Figure 3.4.1: Emission and decay rates. (a) according to the phonon-assistedtunneling model and zero temperature decay rate at constant electric field (b).
Depending on each region we have R1, R'1, and R2, R'2 which correspond to
region I, and II respectively. C1 and C2 are the intercepts of the linear fitting for
R1, R´1, and R2, R´2.

when they exhibit a linear dependence on F2. Fitting Eq. 3.4.1a with a photocurrent decay
rate (where k ( F ) 

1
and R(F) is the decay rate) yields an initial de-trapping rate of
R( F )

~1010 s-1 from ultra-shallow traps in the region I. It reduces to ~109 s-1 for shallow traps in
region III (see Appendix B for calculations). The de-trapping rate (i.e., probability of
carriers moving from the ultra-shallow traps into the conduction band due to PAT) is
initially high, which reduces as carriers move into shallow traps. The drop in the PAT is
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further validated by the increase in tunneling time for these carriers from ~0.29 ps to
~0.31 ps (see Table B1 in Appendix B) as the energy barrier increases (due to increase in
trap level) when the carriers move from traps to the CB in the regions I and II,
respectively. The rate of trapping is independent of the electric field. From Eq. 3.4.1, the
decay rates are likewise inversely proportional to temperature. Thus, the zero temperature
decay rates (Fig. 3.4.1b) reveal trapping rates in each region. The initial trapping rate of
~1011 s-1 is larger than the initial de-trapping rate, which indicates that while most carriers
will be trapped in the ultra-shallow traps in region I and are de-trapped into the
conduction band via phonon assisted tunneling, some undergo recombination within the
traps (trap assisted recombination). In region II, de-trapping is also prevalent, as seen in
Fig. 3.3.1f, and at a similar rate to region I, confirming the PAT behavior in both regions
I and II. In region III the de-trapping rate reduces significantly, indicating limited detrapping into the CB due to increased barrier potential and tunneling time. For region III
shallow traps, the trapping rate is lower as well, and as seen in Fig. 3.3.1g, constant trap
levels of ~11.01 meV indicate carriers moving among these shallow trap states.
In addition to the trapping and de-trapping rates resulting from the PAT transport
model, the capture cross-section (CCS) values, another unique property of trap states, can
be derived from the de-trapping rate in all three regions. Figure 3.4.2 indicates that the
CCS radius decreases from ~10-8 cm (1 Å) in the region I to ~10-9 cm (0.1 Å) in region
III. To the best of our knowledge, the reported transport properties (CCS values, trapping
rates, and de-trapping rates) for ultra-shallow traps in the ultrafast regions (< 1 ns) are the
first for inorganic metal halide perovskite thin-films and lowest reported trap levels. The
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Figure 3.4.2: Trap state distribution. Capture cross sections and trap
densities mapped with respect to the trap levels. The illustrations show
how the trap size and density changes from region I to III.

product of CCS and trap density which provides a numerical value to indicate the
trapping probability decreases from ~10-1 cm-1 (region I) to ~10-3 cm-1 (region III) (i.e., a
reduction of trapping probability), and is consistent with results from Shi et al.94 and
Baloch et al.99, which report a reduction in trapping probability with the trap depth. This
decreasing trend of trapping probability is consistent with the decreasing in trapping and
de-trapping rates in regions I and III from ~1011 s-1 to ~109 s-1 and ~1010 s-1 to ~109 s-1
respectively.
3.5 Conclusions

My work has profound implications for the synthesis of highly defect-tolerant
thin-film and bulk perovskite materials. In addition to organic/inorganic metal halide
perovskite synthesis, this study directly bridges the gap between carrier dynamics and
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device performance in optoelectronics and photonics. Specifically, using ultra-fast
temporal resolution and ultra-high energy resolution, this study establishes a fundamental
foundation for characterizing trap dynamics in these highly defect-tolerant perovskites.
The traps play a crucial role in carrier transport properties via PAT and hopping transport
mechanisms. In-depth knowledge of the ultra-shallow and shallow trap energies
elucidated by the PAT model revealed that carriers in ultra-shallow trap tunnel into the
conduction band to contribute toward the measured photocurrent. Coupled with an
understanding of the material’s composition and origin of the trap states present in them,
we can tune and manipulate the (i) trap dynamics such as trapping and de-trapping rates,
and (ii) the capture cross-section, trap level, and trap density to fundamentally improve
device efficiency and stability performance. Such manipulation can be achieved by
converting deep traps to ultra-shallow traps through chemical passivation in solutionprocessed materials89, where an increase in the ratio between shallow and deep traps
greatly improves device efficiency and response times. Steady-state devices such as solar
cells operate under constant light and generate excited carriers continuously, most of
which will recombine in deep traps reducing efficiency. This study shows that by
integrating ultrafast laser spectroscopy with high-speed optoelectronics, subtle “temporal
blind spots” in ultrafast carrier dynamics can be revealed when the devices are operating.
Optical ultrafast laser spectroscopy and steady-state characterization methods that were
used prior to this study were unable to reveal such temporal blind spots in perovskites.
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4

CHAPTER FOUR

PHONON SCATTERING AND ULTRAFAST CARRIER TRANSPORT DYNAMICS
IN CsPbI3 NANOCRYSTALS

This chapter describes my work on phonon scattering and transport dynamics in
perovskite nanocrystals. Cesium lead iodide (CsPbI3) nanocrystalline thin films were
used as a model system, and this study has been submitted for publication in the
following article to the ACS Photonics journal.
“Observation of largest band-like transport index value in CsPbI3 perovskite
nanocrystalline thin films”. Kobbekaduwa, K., Liu, E., Zhao, Q., Adhikari, P., Xie, C.,
Zhang, J., Shi, Y., Zheng, H., Li, D., Sanabria, H., Hu, M., Cai, T., Chen, O., Rao, R.,
Wang, Z., Rao, A. M., Beard, M.C., Luther, J.M., and Gao. J.
4.1 Introduction

Emergent organic/inorganic perovskites such as cesium lead halide (CsPbX3,
X=Cl, Br, I), methylammonium (MA) or formamidinium (FA) lead halide, which are
typically solution-processed at low temperatures, have exhibited superior device
performance in photonics, electronic, and optoelectronic applications. Perovskite-based
solar cells are such an example whose power conversion efficiencies (PCE) > 25%1 have
been achieved. Moreover, perovskite nanocrystal (NC)-based (i) x-ray detectors can
acquire the same imagery with more than two orders of magnitude lower dosage of
radiation than traditional silicon-based photodiodes100, and (ii) light emitting diodes
(LEDs) have demonstrated a richer color spectrum than their III-V and alloy-dominant
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semiconductor counterparts due to their narrowband emission101. Although perovskite
NCs have been extensively studied, an in-depth understanding of their early-time
transport dynamics in functioning devices is lacking in contrast to those of benchmark
semiconductors such as GaAs or Si. In particular, a fundamental understanding of carrierphonon interactions, which play a key role in transport dynamics, in nano- and microcrystalline perovskites and if-why-or-how they differ from transport dynamics observed
in the above crystalline semiconductors is still ambiguous. Thus, accurate measurement
and understanding of early-time transport properties in perovskite NCs is a prerequisite to
enabling the engineering of perovskite-based devices with superior device performance
and efficiency. Importantly, these insights could expedite the predictive discovery of farsuperior next-generation materials beyond the presently synthesized perovskites and
similar semiconductors.
Typical solution-synthesized and processed perovskites have an ABX3 chemical
composition, wherein A= MA, FA, Cs, etc.; B=Pb, Sn, etc.; and X=Cl, Br, I. Due to their
low-temperature synthesis and processing conditions, perovskites devices suffer from
high defect densities. Common defects include grain boundaries and dislocations, while
shallow point defects of both acceptor and donor type vacancies have also been
reported59, 102. In most transport studies of solution-processed perovskites, carrier
hopping has been reported as the dominant mechanism due to the presence of defects. In
addition to reducing device performance and stability, these defects often overshadow our
understanding of phonon scattering processes that may be present. Typical trapping
events occur in a wide temporal range from ~picoseconds (ps) to microseconds (ms), as
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demonstrated in our previous work103. Therefore, time-resolved optical laser
spectroscopies must be used to unravel pre-trapping or early-time carrier dynamics,
which occur in an ultrafast time resolution range from sub-ps to 10s of ps. Two
spectroscopic techniques have been reported, which include (i) time-resolved
photoluminescence (TRPL) and the streak camera technique based on photon
emission104; and (ii) the pump-probe techniques such as transient absorption46, terahertztime domain spectroscopy (THz-TDS)105-107 , and other pump-probe approaches such as
time-resolved photoemission electron microscopy (TR-PEEM) and optical-pump
terahertz-probe spectroscopy63, 108. As schematically indicated in Fig 4.1.1a, these
photon-in and photon-out techniques can only characterize the carrier diffusion dynamics
because an external electric field to 'push' the carriers is absent. In other words, the
carriers only spatially diffuse within a short-range (a couple of nanometers) around the
exciting spot on the sample without providing insights into the carrier drift dynamics109.
Nevertheless, these techniques have uncovered several novel ultrafast phenomena such as
slow hot carrier cooling46, efficient many-body interactions110, and large polaron
effects111. However, for functioning devices, i.e., in operando solar cells, LEDs, and
photodetectors, the fundamental understanding of the carrier drift dynamics where
carriers move along a longer range (100s of nanometers) is needed.
The external electric field in operando devices exerts a force or 'push' on the
carriers enabling long-range transport that helps us understand carrier drift dynamics. For
example, time-resolved photoconductivity techniques such as the time-of-flight
photocurrent71 and photo-CELIV (Charge Extraction by Linearly Increasing Voltage) can
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Figure 4.1.1: A schematic of the ultrafast photocurrent spectroscopy (UPCS) to
characterize carrier drift dynamics. (a) The ultrafast optical spectroscopies, enable
characterization of short-range carrier diffusion dynamics. (b) Long-range carrier drift
dynamics. The electron as a carrier is schematically depicted as an example in a lattice
structure. (c) A lattice structure and transmission electron microscopy image of a CsPbI3
nanocrystal array (scale bar ~10 nm). (d) The UPCS with sub-25 ps time resolution is
comprised of a high-speed co-planar waveguide, gold (Au) electrodes, and a nanocrystal

thin film that is illuminated by an ultrafast laser pulse to a generate photocurrent that is
collected by a sampling oscilloscope. The laser beam covers the entire device including
the nanocrystal film and the Au electrodes.
be used to characterize the carrier drift properties including carrier mobility, lifetime, and
drift length112 (Fig. 4.1.1b) in photoconductive devices. However, the time resolution is is
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~ 10s of ns 113 , which is much longer than the trapping events in most solution-processed
perovskites. Hence, most measurements made using these techniques are influenced by
defect states. Although ultrafast THz-TDS can provide the requisite ultra-fast time
resolution of ~10s of ps, the carriers are still confined to the nanoscale domain, as
reported in the early CdSe NCs114 and perovskites studies107. In essence there is a lack of
an understanding of carrier drift dynamics in operando devices before carrier trapping,
including long-range transport features. In addition to the critical carrier dynamics,
mobility, is a direct indication of the state of carrier transport but have different physical
denotations depending on the measurement technique. Although THz-TDS can measure
carrier mobilities, it is limited as the oscillating AC electrical field oscillates the carriers
only along a ‘micro’ range, rather than the long range needed for drift transport. On the
other hand, as mentioned above mobility measurements from TOF indicates long range
trap dominated transport mobility although the time resolution is low. Mobility
measurements can derived from field effect transistors as well but these are static
mobilities where carrier dynamics is missing.
This work uses ultrafast photocurrent spectroscopy (UPCS) with a sub-25 ps time
resolution to unravel the ultrafast carrier drift dynamics in perovskite NC thin-film
devices. Specifically, we elucidate the underlying early-time carrier-phonon interactions.
Our aims are twofold: 1) characterize carrier phonon scattering mechanism in perovskite
NCs through a temperature index and compare it with two known semiconductors, and 2)
correlate the index value to specific carrier-phonon interactions in operando devices. To
this end, an inorganic CsPbI3 NC array is used as a model system whose lattice structure,
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and SEM images are shown in Fig. 4.1.1c. Unlike bulk perovskites, these have wider
tunability in terms of NC size, structure (quantum dots, layered materials, nanotube),
surface chemistry, and composition. Specifically, we compare the carrier-phonon
interactions before carriers are trapped due to defect states in CsPbI3 NC thin films and
traditional crystalline semiconductors such as GaAs and Si to determine the significance
of the index values. We find that in the ultrafast temporal region, CsPbI3 carriers undergo
band-like transport due to their interactions with optical phonons in the higher
temperature regime (HT) (> 240 K). In the lower temperature regime (LT) (< 240 K),
defect scattering balances out the electron-phonon scattering dominated by low energy
acoustic phonons. These temperature regimes are delineated by a transition temperature
unique to CsPbI3. By mapping a temperature (transport) index, we find that CsPbI3 NC
thin films exhibit a stronger optical phonon interaction than the other two
semiconductors. Moreover, in CsPbI3 NCs, carriers preserve band-like transport for a
longer time (>25 ps), resulting in a drift length larger than 125 nm under a moderate
electrical field of 2×104 V/cm with mobility >25 cm2/Vs.
4.2 Device preparation

4.2.1 CsPbI3 nano crystal synthesis and purification
The synthesis process follows a method reported by Hazarika et al.115 with slight
modification. Firstly, to synthesize the cesium-oleate precursor, 0.407 g of cesium
carbonate (Cs2CO3) and 1.25 ml of oleic acid (OA) were added to 20 ml of 1-octadecene
(ODE). Then the mixture was degassed at 150 °C for 20 min under a vacuum. The fully
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dissolved Cs-oleate precursor was kept at 150 °C under an N2 atmosphere until needed.
Next, 0.5 g of lead iodide (PbI2) was added to 25 ml of ODE and heated at 120 °C for 10
min under a vacuum. A solution of 2.5 ml of OA was mixed with 2.5 ml of oleylamine
(OAm) (heated at 130 °C) and injected into the PbI2 solution. The reaction flask was kept
at 120 °C until PbI2 was fully dissolved. Afterward, the solution was heated until 180°C
under flowing N2. Once the solution reached 180 oC, 2 ml of the Cs-oleate precursor was
immediately injected into the reaction flask, and the mixture was quenched in an ice bath.
The resulting colloidal solution is left to cool down to 20 °C and then mixed with 70-80
ml of methyl acetate (MeOAc) before centrifuging at 7500 rpm for 5 min. Then the
precipitated CsPbI3 NCs were dispersed in 5 mL of hexane and re-precipitated by adding
~5 ml of MeOAc and centrifuged at 7500 rpm for 5 min again. The obtained precipitate
was then redispersed in 15 mL of hexane and stored in a refrigerator at 4 °C. This CsPbI3
NC solution was centrifuged again at 7500 rpm for 5 min after 24 hours post storage in
the refrigerator to remove excess Cs-oleate and Pb-oleate. The resultant supernatant was
filtered through a 0.45 μm nylon filter before use. The synthesized NCs are shown in
Figs. 4.2.1a and 4.2.1b.
4.2.2 Ligand exchange

This synthesis procedure replaces the traditional long chain oleate ligand from
oleic acid (2.5 nm) with a short-chain OAc ion by way of MeOAc. The oleate ligand
consists of an 18-carbon chain; thus, the ligand exchange procedure reduces that to a 2-
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carbon chain with OAc ligand being ~0.28 nm. The average distance between two NCs is
~0.6 nm.
4.2.3 Fabrication of NC films

The CsPbI3 NC films were deposited in a humidity-controlled box (relative
humidity, ~20 to 25%) according to Zhao et al.S116 with slight modifications. Firstly, the
CsPbI3 NCs were prepared according to the above-wet synthesis method. The films were
deposited on a 10 mm x 10 mm quartz substrate. Each layer of CsPbI3 QD was deposited
by spin-coating at 1000 rpm for 20 s with a spin-coating step at 2000 rpm for 5 s.
Subsequently, the film was dipped into a solution of lead nitrate (Pb(NO3)2) saturated in
MeOAc and then rinsed in a pure MeOAc solution. A thin-film with ~250 nm thickness
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Figure 4.2.1: Characterization of CsPbI3 thin films. The
TEM images of the synthesized CsPbI3 quantum dot solution
magnified to (a) 50 nm and (b) 10 nm. The thin film cross
section is shown through SEM images magnified at (c) 2 µm
and (d) 500 nm.
was produced by repeating the process of spin-coating QDs and soaking them in the
solution three times. The cross-section of a completed film is shown in the TEM images
(Figs. 4.2.1c, d) captured using a FEI Tecnai F20 electron microscope with 200 kV
accelerating voltage.
4.2.4 Experimental setup

The synthesized nano crystal thin film is integrated with coplanar gold (Au)
transmission lines separated by a 10 μm gap by thermal evaporation through a shadow
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mask. The schematic device structure is illustrated in Fig. 4.1.1 d. The same coplanar
microstrip transmission line structure is also used for Si and GaAs. The photocurrent
measurement follows the same procedure as in Chapter 3, section 3.1.2.
4.3 Results

As shown in Fig. 4.1.1d, by integrating the CsPbI3 nanocrystalline thin film
photoconductor into a high-speed waveguide transmission line architecture, the carrier
drift dynamics can be investigated in operando with a sub-25 ps time resolution by the
UPCS. The UPCS is superior to the Auston photoconductive switch technique since it has
a much higher temporal resolution and can characterize various material systems80, 81, 103.
Figure 4.3.1 depicts a complete photocurrent decay with an average carrier lifetime at 80
K and 320 K (a list of measured average carrier lifetimes in the temperature range 80 K –
400 K is given in Table C-1 in Appendix C).
Figure 4.3.2a shows the various temperature-dependent ultrafast photocurrent for
the CsPbI3 nanocrystalline film. The typical photocurrent response can be characterized
by a fast rise to ~25 ps followed by a rapid decay up to 125 ps, and then a slow tail
extending beyond 600 ps (zero time is at 10 % of the peak photocurrent). Dashed vertical
lines denote these three temporal regions. In the first temporal region I, during the initial
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Figure 4.3.1: Complete photocurrent decay curve. The curve
shows two distinct decay regions at both 80 K and 320 K with
average lifetimes of 293 ps and 459 ps respectively found via

biexponential fitting.
rise to ~25 ps, the peak photocurrent (Ipeak) decreases with increasing temperature from
240 to 400 K, as shown in Fig. 4.3.2b, and can be described as

I peak = T − n ,

4.3.1

where n is an index and T is the temperature. This classic power-law relation is
the signature of band-like transport due to carrier-phonon scattering. At the same time,
the n value indicates the strength of the carrier-phonon interaction, as discussed further in
section 4.3.3. In region II, two competing transport mechanisms govern the photocurrent
response between ~25 to ~125 ps. The photocurrent dependence continues to decrease
with increasing temperature, indicating the presence of phonon scattering. At the same
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time, the time decay in Fig. 4.3.3 shows an opposite trend; it increases with increasing

Figure 4.3.2: Ultrafast photocurrent dependence on temperature. (a, c, e) Temperaturedependent ultrafast photocurrents for CsPbI3 nanocrystal films, doped-GaAs, and
lightly doped-Si, respectively. The corresponding temperature-dependent photocurrent
peak on a log-log scale is shown in panels b, d, and f.

66

temperature, which is a signature of hopping transport due to defect scattering. An
Arrhenius relation for decay time with temperature can be written as

 =e

−

E
k BT

,

4.3.2

where ΔE is the activation energy, kB is the Boltzmann constant, and τ is the
decay time constant. The thermal activation energy of ~1.8 meV is derived in
Supplementary Note and shown in Fig. 4.3.3. In region III, i.e., beyond ~125 ps, the slow
decay tail can be attributed to a hopping transport mechanism with an activation energy
of ~4.5 meV.

Figure 4.3.3: Decay characteristics. The temperature dependent decay times of
the CsPbI3 thin film (a) shows an exponential increasing trend. The temperature
dependence of decay constants (τ1, τ2) is fitted with the Arrhenius relation (
). To obtain the linear fit the plot is between ln τ vs 1/T (b). The energy
(ΔE2) is 4.53 meV at longer times while at shorter times it changes from 20.6
meV to 1.8 meV with reducing temperature.
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4.3.1 Transport dynamics post trapping

As evident in Fig. 4.3.1, the peak photocurrent reduces when the
temperature increases, indicating that prior to the peak (~25 ps), a band-like carrier
transport process driven by carrier-phonon scattering processes occurs within individual
NCs. While this process is discussed in section 4.3.2, in this section, we clarify the
transport dynamics post ~25 ps. From Fig. 4.3.2, the decay constants increase with
temperature according to the Arrhenius relation given in equation 4.3.2. Accordingly,
Fig. 4.3.2b shows ln(τ) vs. 1/T behavior for τ1 and τ2 decay constants. This temperatureactivated decay time is an indication of defect scattering. The fitting for the early time
decay τ1 shows two distinct behaviors, above and below 240 K, while this variation is not
present at the later time decay τ2. The average activation energy can be found by
Ea = −mkB ,

4.3.3

where m is the slope of ln(τ) vs. 1/T plot. The calculated average energy for carriers at
longer decay times is ~4 meV, which indicates the average trap levels carriers fall into.
The two distinct behaviors in the early time decay are due to charge transport combining
both carrier-phonon scattering and defect scattering in the range from 25 ps to ~ 100 ps,
while defect scattering is the majority transport process after 100 ps. The thermally
activated behavior is clearly indicated by the initial average energy of ~ 21 meV, which
contains both trapping energy and phonon energy while it is reduced to ~1.8 meV and
points to the actual early time trap levels in the absence of optical phonon energies at
lower temperatures. The defect-assisted transport is further clarified through the electric
field (voltage bias) photocurrent data, as seen in Fig. 4.3.4. The initial increase in decay
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time with a bias voltage from the inset of Fig. 4.3.4b indicates the trapping-de-trapping
process. As the bias voltage increases, the rate of ion (Pb and I) migration increases. As

Figure 4.3.4: Ultrafast photocurrent dependence on electric field (Voltage bias). The
temporal photocurrent variation at different bias voltages under (a) 300K and (c) 80K

temperatures and the normalized photocurrent at different biases at (b) 300 K and (d)
80 K. The insets of (a) and (c) shows the log-log peak photocurrent variation which
changes from sublinear at 80 K to linear at 300 K, while the change in the decay time
τ1 and τ2 are shown in insets of (c) and (d).
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observed in Chapter 3, the creation of an internal electric field will have a screening
effect on charge carriers. This directionally opposite internal electric field will stifle the
carrier flow and as a result increases the chances of carrier recombination, hence, the
gradual decline in the decay time. At low temperatures, the thermal-assisted trapping
detrapping process is significantly reduced. Moreover, ion migration is also essentially
suppressed due to the absence of thermal energy and is known to be only activated above
a critical temperature117. Thus, the decay times τ1 and τ2 gradually increase as the applied
bias voltage steadily rises. The trap-assisted transport is also evident from the intensitydependent photocurrent shown in Fig. 4.3.5. At 300 K, the carrier recombination is
mainly due to trap-assisted recombination processes until all traps are saturated (the
initial increase in decay time is due to this reason). At larger intensities, the early decay
time τ1 tends to decrease due to this trap filling and the corresponding reduction in
‘hopping’ transport. This decrease in decay time (increase in decay rate) indicates the
transition from trap-assisted recombination to a bimolecular (band to band)
recombination process (i.e., excited carriers at the conduction band recombine with a hole
in the valence band) at higher excitation intensities intensities82. At low temperatures, the
carriers follow a bimolecular recombination process at low excitation intensities, as
evident by the sublinear peak photocurrent variation and the initial reduction of the decay
rate as seen in the insets of Figs. 4.3.5c and d. Without the required thermal energy for
detrapping, carriers will recombine within traps, while at larger excitation intensities, the
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saturation of available traps yields to a constant decay rate which indicates a stable ratio
between the rate of trapping and rate of recombination.

Figure 4.3.5: Ultrafast photocurrent dependence on laser intensity. The temporal
photocurrent variation at different laser intensities under (a) 300K and (c) 80K

temperatures and the corresponding normalized photocurrent at (b) 300 K and (d) 80 K.
The insets of (a) and (c) shows the log-log peak photocurrent variation which changes
from sublinear at 80 K to linear at 300 K, while the change in the decay times τ1 and τ2
are shown in insets of (c) and (d).
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4.3.2 Transport dynamics pre trapping

To highlight the significance of events before trapping (based on our data, we
consider initial trapping occurs in the region I as depicted in Fig. 4.3.1a), we compare the
ultrafast photocurrents of CsPbI3 NC films with the traditional bulk semiconductors
under the same electrical field and the photon density in the range of 1016 cm-3 (Figs.
4.3.1c and e). For doped-GaAs with a defect density >1015 cm-3, the temperaturedependent photocurrent decay trend is similar to the CsPbI3 NC films, i.e., a fast rise
followed by a rapid decay. Similarly, the photocurrent peak decreases with increasing
temperature in the range from 300 to 500 K, as illustrated in Fig. 4.3.2e, which can be
attributed to carrier-phonon scattering. Moreover, the decay constant also increases
because of defect scattering. In contrast, the photocurrent exhibits a fast rise for n-type Si
with a defect density < 1015 cm-3, followed by a plateau up to a couple of ns, as shown in
Fig. 4.3.2e. This is mainly due to the low defect density, which primarily lowers the rate
of carrier recombination (trap assisted recombination) and increases carrier lifetime,
whilst materials with defects such as GaAs and CsPbI3 show a sharp decay in
photocurrent as excited carriers recombine within defect states, thus, lowering the carrier
lifetime. Like the CsPbI3 NC films and GaAs, the photocurrent peak is attributed to
phonon scattering since its amplitude decreases with increasing temperature (from 400 K
to 500 K), as illustrated in Fig. 4.3.2f. In addition to the temporal evolution of the
photocurrent, as seen in Figs. 4.3.2a, 4.3.2c, and 4.3.2e, the evolution of the peak
photocurrent with temperature (Figs. 4.3.2b, 4.3.2d, and 4.3.2f) also indicate the carrier
transport mechanism. All three semiconductors exhibit a similar transition of the
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transport mechanism in the low temperature and high-temperature regimes. The transition
temperature is 300 K and 380 K for doped-GaAs and slightly doped-Si, respectively. For
temperatures below 240 K, we note that the photocurrent peak of CsPbI3 NC films
exhibits a weak temperature dependence. We attribute this weak temperature dependence
to a change in scattering mechanism, from piezoelectric scattering due to acoustic
phonons and space-charge scattering due to impurities at low temperatures, to optical
phonon scattering at higher temperatures based on previous work118.
4.4 Band-like transport and mobility

To understand the band like transport behavior we map the temporal variation in
the n index from equation 4.3.1. Figure 4.4.1b shows a rapid decline in the n index from
~2.7 near 25 ps to ~1 at 200 ps and saturation afterward. The n value of 2.7 at the

Figure 4.4.1: Ultrafast photocurrent vs temperature. (a) 2D map of the photocurrent
variation between the 100 ps and 600 ps. The indices at longer times for (b) 240 K –
380 K and (c) 80 K – 240 K illustrates two different transport mechanisms.
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photocurrent peak represents purely carrier phonon scattering while the decrease and
saturation of the n index at ~1 is in line with n indices for impurity scattering, which in
our case is due to defects and its increasing influence towards carrier transport at longer
times. While initially, carriers can tunnel through individual NCs, the above
characteristics (thermally activated decay time, n index saturation) also point to carriers
moving in a ‘hopping’ motion between traps at longer times. The increase in the initial
decay times (τ2) of the electric field dependence mentioned earlier validates this behavior
and is a signature of a multiple trapping and release (MTR) mechanism at play.
The mobility, which is a critical parameter in evaluating carrier transport
properties, can be derived from the peak photocurrent as follows95

I peak = e ( e + h )

NE
,
L

4.4.1

where µp and µe are the hole and electron mobilities, respectively, µ = (µp + µe) is
the total carrier mobility, e is the electron charge, η is the product of quantum efficiency
of carrier photogeneration and carrier collection, N is the effective photon number, E is
the electric field, and L is the electrode spacing. For CsPbI3 NC thin films, the calculated
carrier mobility at room temperature is ~ 25 cm2/Vs. (the quantum efficiency is ~10 %, so

 = ). Similarly, for GaAs and doped Si, the calculated carrier mobilities at room
temperature are ~ 2370 cm2/Vs and ~ 850 cm2/Vs, respectively. We note that these values
are lower than previously reported mobility values for GaAs and Si with comparable
dopant concentrations and defect densities. For instance, the electron mobility is ~ 3000
cm2/Vs for GaAs119 and ~ 1500 cm2/Vs for Si120. The calculated carrier mobilities are
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lower due to the lower calculated quantum efficiencies (QE) for the materials used in the
experiments where doping and defect concentrations play a role in varying mobility. For
a 10% QE, the mobility for CsPbI3 NC thin films is ~ 25 cm2/Vs, which is in the same
range as that characterized by the THz TDS106. Moreover, this high mobility value (>10
cm2/Vs) at room temperature is consistent with the phonon scattering mechanism in
CsPbI3 films, leading to band-like transport. The linear dependence on electric-field and
laser-intensity at 80 K for CsPbI3 NC thin films (Fig. 4.3.4c and 4.3.5c), as well as for
GaAs and Si (Appendix C, Fig. C-1), suggest that all three semiconductors exhibit the
same photogeneration mechanism resulting from the free carrier generation or weak
exciton with less than ~7 meV (80 K) binding energy, rather than an exciton model.
To gain insights into carrier-phonon interactions in this material we focus on pretrapping dynamics. The strength of the carrier-phonon interaction is related to the
temperature-dependent carrier mobility (µ= µp + µe) as

 = T −n .
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4.4.2

Figure 4.4.2: Carrier mobility dependence on temperature. Carrier mobility dependence
on temperature in two types of semiconductors: a typical crystalline polar
semiconductor such as GaAs, and Si; bulk CsPbI3(Ponce); and solution processed
MAPbI3(Milot), FAPbI3(Davies), and CsPbI3 NC perovskites.
This is analogous to equation 4.3.1 and equation 4.4.1. As shown in Fig. 4.4.2, for
CsPbI3, in the temperature range of 240 K to 380 K, the n value is ~2.7, while at low
temperatures (< 240 K), it reduces to n = 0.1, which we attribute to a combination of
defect scattering and acoustic phonon scattering (Fig. 4.4.1c). In contrast, the high
temperature n value of CsPbI3 is larger in comparison to that of 1) traditional
semiconductors, viz., n = 1.77 and n = 2.56 for Si and GaAs, respectively; and 2) lowtemperature solution-processed organic lead halide perovskites such as MAPbI3 (n =
1.53)121 and FAPbI3 (n = 1.64)122. Apart from the above experimentally obtained n
values, first-principle calculations starting from the Hamiltonian describing the relevant
electronic bands and their interaction with phonons, computed using density functional
theory (DFT) for CsPbBr3 by Motta and Sanvito123 shows an n value of 1.47. Thus, most
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of the above materials have an n index value greater than 1.5, with acoustic (optical)
phonon scattering involved when n is < 1.5 (> 1.5). Although the origin of this carrierphonon scattering mechanism is still under debate, microscopic insight and quantitative
analysis from first-principles calculations may be used to explain this behavior. Below
we focus on the underlying mechanism for the varying n values in the high-temperature
regime and their relationship to the carrier-optical phonon scattering process.
4.5 Carrier phonon coupling

The electron-phonon (e-ph) coupling generally governs the carrier phonon
scattering process. For polar semiconductors such as CsPbI3, strong ionic bonding
between the cation and halide leads to a dipole p, where p

eq0.5 Z * f (q) expiqR within a

unit cell, and e is the electron charge, q is phonon frequency, Z* is the Born effective
charge, which is a measure of polarization or dipole per unit cell, and f(q) is the
eigenmode that corresponds to vibrational mode. The coupling matrix for electrons and
phonons consists of a short-range and a long-range term corresponding to the TO/LO
splitting in polar materials124. As we are only concerned with band-edge states, the LO
mode contributes to phonon coupling only in the long-range limit due to Coulomb
interactions. Thus, the LO phonon coupling constant can be written as125
1 e2 
g n , m (k , q ) = i

  0  2 NM q

1

 2 ( q + G ) Z k* f (q)
i q +G r −
 mk + q | e ( )( k ) |  nk  ,

 ( q + G )   (q + G )

4.5.1

where Ω is the unit cell volume, N is the number of unit cells in the supercell, k is
the atomic index within a unit cell, |ψnk> and |ψmk+q> are initial and final electronic states.
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Hence, we can see that the e–ph interactions are proportional to the dipole of a given unit
cell ( p

Z * f ( q ) ), i.e., Born effective charge Z* and vibrational eigenmode component

Figure 4.5.1: Phonon scattering mechanism. Phonon scattering is dependent on the
Pb-I and Cs-I bonding within the cell. The B (Pb) metal is contained in [BX6]-4
structure and has a T1u vibration mode. The A cation vibration is dependent on the
halide bond characteristics i.e., Cs-I in CsPbI3 and H-I in MAPbI3.
f(q). This means that in polar lead halide perovskites such as CsPbI3 and MAPbI3 the
distance d of the A-site cation to I‒ (when d decreases, so does Z*), and the number of Asite cations a coordinating to I‒ known as the coordination number, (when a decrease, f(q)
decreases) defines the strength of the coupling. A comparison of the bond lengths, lattice
constants, and coordinating numbers of CsPbI3 and MAPbI3 is shown in Fig. 4.5.1.
In CsPbI3, A is Cs+, which has a smaller radius but heavier ion (with respect to
MA+), and its bonding with I‒ (X) preserves PbI64- symmetry as depicted in Fig. 4.5.1.
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The large Cs-I bond length (d ~ 4.5 Å) and weak dodeca-coordination with I‒ lead to a
strong carrier phonon coupling. In comparison, MAPbI3, has the much lighter organic
MA+ cation, which interacts with I− by forming linear I−...H3N, halide– hydrogen
bonding perpendicular to the Pb2+–I−–Pb2+ cubic frame. This anisotropic perpendicular
hydrogen bonding breaks the symmetry of the PbI64- lattice. In contrast, the smaller
bonding length (d ~ 2.75 Å) and tri-coordination effectively suppress lattice vibrations
leading to weaker carrier phonon coupling. Hence, when the organic cation MA+ is
replaced by Cs+ an increased carrier–phonon scattering (increased n index) is observed
due to the enhanced PbI3−optical phonon mode coupling resulting from Cs+-I bonding
and the strong vibration of the symmetric PbI64- lattice (Pb-I cage).
Unlike CsPbI3, both GaAs and Si are single crystalline, and the strong carrier
phonon coupling (as seen in the large n values shown Fig. 4.4.2) is mainly due to
structural symmetry. Both these materials have face-centered cubic structures (zinc blend
for GaAs and diamond for Si) with bond lengths of ~2.5 Å and ~3.8 Å, respectively.
They are tetra-coordinated and have a free vibrational structure (ions not confined to a
cage). The symmetric nature of the bonding and strong ionic repulsion of Ga-Ga and SiSi enhances LO lattice vibrations, resulting in a stronger carrier-phonon coupling than
that of the anti-symmetric organic metal halide perovskites. Larger n values indicate this
coupling.

79

4.5.1 Phonon frequency (energy)

To measure the phonon frequency and the associated phonon energy we initially look at
the steady state temperature dependent photoluminescence spectroscopy measurements
for the CsPbI3 nanocrystals shown in Fig. 4.5.2a. Using the Segall’s expression126, 127
given by



(T ) = inh +  ACT +
e

OP
 OP 


 k BT 

+  imp ,

4.5.2

−1

where Γ(T) represents the full width half maximum (FWHM) of the PL curve and Γinh,
Γimp, are the FWHM components due to inhomogeneity and impurities of the material
respectively,  AC is the electron–phonon coupling due to acoustic phonons, OP is the
electron–phonon coupling due to optical phonons, and OP is related to optical phonon
energy. The fitting of the temperature dependent FWHM curve matches up to the
equation,



(T ) =  inh +
e

OP
 OP 


 k BT 

,

4.5.3

−1

as seen in Fig. 4.5.2b and the optical phonon energy (ωOP) is shown to be ~60 meV. To
simplify and quantify the relationship between the above phonon coupling modes and the
n values, we turn to the following equations defined by Fivaz and Mooser128 to gauge the
type of optical phonon involved in the scattering process:
i.

Homopolar optical phonons in the short range, where the n index (nhp) is given by,
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 hp  kBT
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,
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ii.

4.5.4

Polar optical phonons in the long range, where the n index (npolar) is given by,
 polar
  polar  kBT

e
k
T
n polar =  B  
− 1,
4.5.5
 polar

 e k BT − 1 





Figure 4.5.2: Steady state PL emission. (a) The PL emission spectrum of CsPbI3
nanocrystals from 80 K to 320 K. There is a clear blue shift and decrease in PL
intensity in the spectrum with increasing temperature and the inset shows the
change in the peak. (b) The corresponding full width half maximum (FWHM) Γ
values with fitting with Segall’s expression. The dotted line is a fitting
corresponding to

where the second term represents optical

phonon scattering.
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where ħ is the reduced Planck's constant and ωhp, ωpolar are the homopolar and polar
optical frequencies, respectively. Homopolar optical phonons arise mainly through the
out of plane atomic vibrations thus, they do not induce a dipole moment. In the case of
polar optical phonons, vibrations are in plane which induces first order dipole moments
that lead to Fröhlich interactions. As discussed earlier the main vibrational component of
CsPbI3 is the out of plane vibration of the PbI6-4 cage. Using the n value of 2.7 for the
photocurrent peak for, equation 4.5.3 gives Eop = ħωhp ~ 64.3 meV at 300 K and an
average energy of ~ 62 meV (in the range of 20-100 ps) at 300 K (Fig. 4.5.3). Thus, the

Figure 4.5.3: Temporal change in polar phonon energy. Phonon energy at
300 K is mapped in the optical phonon scattering region from peak to 100 ps.
The magnitude reduces with time with average value of ~62.2 meV.
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energy of the homopolar optical phonons is almost equal to the steady-state phonon
energy calculated from Fig. 4.5.2b. The above-extracted value for phonon energy Eop in
CsPbI3 NCs is far larger than what was previously observed129, 130, and the extra energy
is most likely can attributed to high energy phonon modes from the surface ligands. This
finding of a homopolar phonon being responsible for scattering is unexpected as CsPbI3
is a polar material, which in theory should support large carrier-longitudinal optical (LO)
phonon scattering. The LO phonon scattering in polar materials stems from the formation
of polarons131-133 which arise from the coupling of the lattice fluctuations to the electronic
states. Polaron formation time in CsPbI3 has been reported to be in the range of ~400 fs132
whilst its average radius is ~ 21 Å134. Thus, the maximum polaron population Npol within
an individual NC is ~ 44. Due to the confined nature of the lattice in NCs, polarons are
closely packed and may overlap, leading to the screening of the Coulombic potentials
whilst corresponding shifts in the lattice structure leads to deformation potentials. As a
result, polar optical phonons (LO) formation is less than the homopolar optical phonon at
high temperatures. Moreover, according to Bretschneider et al.132, the polaron formation
is temperature independent. Thus, although large lattice vibrations are suppressed at
lower temperatures, low energy deformation potentials are present due to polaron
formation resulting in piezoelectric acoustic phonon scattering, which is confirmed
through the reduced n indices below the transition temperatures. This polaron shielding
process which links to dominant homopolar phonon generation has been reported
previously in 2D perovskites127, but to our knowledge, it is observed for the first time in
perovskite NCs. In comparison, the derived LO phonon energy is ~ 66 meV for Si, and
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~85 meV for GaAs, respectively, and these values are consistent with the previous
reports135, 136.
4.5.2 Carrier drift transport

Combining the above phonon and defect dynamics we can now clarify the subtle
ultrafast evolution of carrier drift length along an array of nanocrystals under an electrical
field. Here our results can be compared with the carrier diffusion length for CsPbI3
reported previously using ultrafast optical spectroscopies137. The photogenerated carriers
with excess energy typically thermalize to the band edge at a sub-ps timescale upon
ultrafast laser excitation. Our calculations show that at room temperature, in region I
(from the sub-ps to sub-25 ps region), the minimum average drift length of a carrier under
a moderate electrical field of 2×104 V/cm with minimum mobility of ~25 cm2/Vs to be
~120 nm, which is equivalent to a width corresponding to ten nanocrystals. To the best of
our knowledge, this drift length is the first experimental value reported in the ultrafast
time scale for CsPbI3 nanocrystal thin films.
4.6 Conclusions

Our carrier phonon and carrier transport results have profound implications for
emergent organic/inorganic perovskite photonic, optoelectronic, and electronic devices.
By elucidating the nature of carrier drift dynamics and carrier-phonon interactions using
the UPCS and correlating the observations to a transport index value, we identified the
type of phonons involved in operando perovskite NC-based devices. This work
establishes a foundation for describing the intrinsic electrical transport properties,
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particularly the early-time phonon interactions in solution-processed perovskites. It
provides a guideline for characterizing phonon modes responsible for the scattering
processes. These insights could expedite the predictive discovery of superior nextgeneration materials beyond the presently synthesized perovskites and similar
semiconductors through rational design of the composition, lattice structure, and atomic
bonds. In other words, because of the real-time characterizing nature of the UPCS, this
work directly bridges the gap between phonon-carrier dynamics and the figure-of-merit
of devices.
4.7 Future work

One of the main results of this work is the identification of optical phonons as the
source for early carrier phonon interactions and their long lifetime. This result opens an
avenue for the detection and collection of hot electrons as well as experimentally defining
the phonon bottlenecks. For this purpose, we suggest collecting photocurrent by exciting
carriers using light with different wavelengths, which would (in theory) be useful in
mapping the transition of excited carriers from high energy levels to equilibrium. Such a
study would give us a better understanding of hot carrier generation in CsPbI3
nanocrystals.
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5. CHAPTER FIVE
ULTRA FAST TRANSPORT DYNAMICS IN DOUBLED LAYERED PEROVSKITES

This chapter describes my contributions to understanding the ultrafast transport
dynamics in novel doubled layered perovskite nanocrystals, Cs4CuSb2Cl12 and
Cs4CdSb2Cl12 using UPCS, which have been published in the following articles:
"Lead-free Cs4CuSb2Cl12 layered double perovskite nanocrystals." Cai, T., Shi, W.,
Hwang, S., Kobbekaduwa, K., Nagaoka, Y., Yang, H., Hills-Kimball, K., Zhu, H.,
Wang, J., Wang, Z., Liu, Y., Su, D., Gao, J., and Chen, Ou., Journal of the American
Chemical Society 142, no. 27 (2020): 11927-11936, https://doi.org/10.1021/jacs.0c04919
"Colloidal synthesis and charge carrier dynamics of Cs4Cd1− xCuxSb2Cl12 (0≤ x≤ 1)
layered double perovskite nanocrystals." Cai, T., Shi, W., Gosztola, D.J.,
Kobbekaduwa, K., Yang, H., Jin, N., Nagaoka, Y., Dube, L., Schneider, J., Hwang, S.,
Gao, J., Ma, X., and Chen, O., Matter 4, no. 9 (2021): 2936-2952,
https://doi.org/10.1016/j.matt.2021.07.018
5.1 Introduction

In the previous chapters, we discussed the carrier transport dynamics in popular
perovskites that have been reported in the literature, i.e., bulk MAPbI3 and
nanocrystalline CsPbI3. Although they offer many advantages over traditional
semiconductors in optoelectronic applications, they are plagued by a major drawback,
viz., they are hazardous for health and the environment because of lead (Pb). Therefore,
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alternate perovskite structures (without Pb) with excellent optoelectronic properties (as in
bulk MAPbI3 and nanocrystalline CsPbI3) are of immediate interest to the scientific
community. To this end, cations such as Sn2+ and Ge2+ have been used138-142 as a
substitute for Pb2+ but with mixed results. When Pb is substituted, an increased instability
of the crystalline structure at room temperature is one of the biggest drawbacks143. We
recently focused on layered perovskite structures, both 2D layered perovskite and layered

Figure 5.1.1: Comparison of different perovskite structures. (a) AB(II)X3 3D
cubic perovskite, (b) A3B(III)2X9 2D layered perovskite, (c) A2B(I)B(III)X6 3D
cubic double perovskite, and (d) A4B(II)B(III)2X12 layered double perovskite
crystal structures viewed along the [010] zone axis.
double perovskites (Fig. 5.1.1). This chapter discusses the transport dynamics of layered
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double perovskites whose chemical formula is, where B(II) is either Cu2+, Mn2+, Cd2+,
etc., and B(III) is Sb3+, Bi3+, etc.143-149 The unique crystal structure of Cs4B(II)B(III)2X12
and the ability to incorporate mixtures of cations have shown promising results with
regards to improved crystal structural stability, tunability of the band structure, and
bandgap energies, which consequently influence the optical, electronic, and magnetic
properties.145, 150-153

5.2 Transport dynamics of Cs4CuSb2Cl12 perovskite nanocrystals

One of the best double-layered perovskites with low toxicity and good structural stability
is Cs4CuSb2Cl12. It exhibits a direct bandgap of ~1.6 eV, rendering it useful for
optoelectronic applications144. Another advantage is the inclusion of copper (Cu) and
antimony (Sb), which are abundantly available elements. In this study, the Cs4CuSb2Cl12
nanocrystals were synthesized using the method discussed in Chapter 2. First, a precursor
was made by mixing cesium acetate (CsOAc, 99.99%), copper (II) acetate (Cu(OAc)2,
99.99%), and antimony acetate (Sb(OAc)3, 99.99%) with oleic acid (OA, technical grade,
90%), oleylamine (OAm, technical grade, 70%) and 1-octadecene (ODE, technical grade,
90%). Next, a second precursor, chlorotrimethylsilane (TMS-Cl, ≥99%) was swiftly
injected at 180 oC and nanocrystals are left to form for 15s before cooling down150.
Figure 5.2.1a shows the absorption spectrum of Cs4CuSb2Cl12 nanocrystals, with the
absorption peak centered at 523 nm and the absorption onset around 760 nm. The
analysis of its Tauc plot yields a bandgap energy of ~1.79 eV, which is larger than its
corresponding bulk material (i.e., 1 eV) due to nanoscale confinement, surface atom
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Figure 5.2.1: Characterization of Cs4CuSb2Cl12 nanocrystals. The
absorption spectrum (a) shows a peak at 530 nm. The inset shows the Tauc
plot with the band gap of 1.79 eV. (b) TEM image and size distribution
histogram (inset). Reproduced from ref 147.
arrangements, and/or the coated ligands. The transmission electron microscopy (TEM)
measurements (Fig. 5.2.1b) revealed that the nanocrystals are spherical in shape
(compared to the cubic CsPbI3 nanocrystals, cf. Chapter 4) with an average diameter of
12.5 ± 1.9 nm. For photocurrent studies, Cs4CuSb2Cl12 nanocrystal solution was drop
casted onto a pre-patterned (with contacts) quartz substrate. These nanocrystals
breakdown (decompose) at high temperatures, hence, the thermal evaporation of contacts
onto a nanocrystal thin-film is not possible. The gap between the gold electrodes was 10
μm.
The charge carriers in the Cs4CuSb2Cl12 nanocrystals were excited using a 400
nm, 1 kHz pulsed laser beam in the presence of an external electric field. The ultrafast
photocurrent was recorded using a 70 GHz sampling oscilloscope. Figure 5.2.2a shows
the temporal photocurrent variation at different bias voltages. The inset figure shows that
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the photocurrent initially exhibits a linear dependence with the applied bias but saturates
at high applied voltages. This phenomenon is similar to what was exhibited by the
MAPbI3 and CsPbI3 perovskites (Chapters 3 and 4). Also, like MAPbI3 and CsPbI3
perovskites, the Cs4CuSb2Cl12 at high electric fields suffers from ion migration, leading
to an exponential decrease in the decay time (increase in decay rate) as shown in Fig.

Figure 5.2.2: Temporal photocurrent spectra of layered double perovskite.
Photocurrent spectra for applied bias voltage dependence for (a) Cs4CuSb2Cl12 and
(b) Cs2AgSbCl6. The corresponding (c) IV curves for dark current and peak current
show similar trends but peak is about 4 orders higher. The (d) laser intensity
dependence is linear as well. The insets show the log-log of the peak.
5.2.3, which confirms this hypothesis. The dark current levels in the IV curves (Fig.
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5.2.2c) are in the range of 10−6−10−4 mA, which is consistent with the reported values for
devices with native organic ligands capped quantum dot nanocrystals as the active
component.79, 154-156 To compare the device performance of Cs4CuSb2Cl12 nanocrystalsbased devices, we measured the temporal photocurrent of another common layered
double perovskite nanocrystal-based device, viz., Cs2AgSbCl6. Figure 5.2.2b shows its
bias voltage-dependent photocurrent spectra, which are much smaller (more than 3 times)
than the Cs4CuSb2Cl12 devices. This is expected because the Tauc plots of a range of
Cs4CuxAg2-2xSb2Cl12 (0 ≤ x ≤ 1) (Fig. 5.2.4) perovskite nanocrystals show lower direct

Figure 5.2.3: Cs4CuSb2Cl12 decay time. The decay time for
Cs4CuSb2Cl12 device shows an exponential decrease with increasing
bias voltage.

91

band gaps (1,67-1.79 eV) for Cs4CuSb2Cl12. With decreasing Cu concentration in
Cs4CuxAg2-2xSb2Cl12, the direct bandgap Cs4CuSb2Cl12 material changes into an indirect

Figure 5.2.4: Bandgap and Tauc plots. Bandgaps for a series of Cs4CuxAg22xSb2Cl12

(0 ≤ X ≤ 1) perovskite-type nanocrystals is determined by Tauc plots

obtained from absorption spectra. Reproduced from ref. 147.

Cs4Ag2Sb2Cl12 material with a bandgap of > 3 eV. The laser intensity-dependent
photocurrent spectra for Cs4CuSb2Cl12 devices exhibit a linear dependence (m~1 in the
log-log plot for peak vs. voltage), suggesting that the excitation process is through singlephoton absorption (Fig. 5.2.2d). Thus, an increase in the bandgap will reduce the number
of excited carriers, contributing to the reduced photocurrent seen in the Ag-based
nanocrystal data. Thus, the fast rise and decay rate (lifetime of ∼150 ps) exhibited by
Cs4CuSb2Cl12 nanocrystals make them ideal for use in future high-speed photodetectors
with a narrow bandwidth (∼10 GHz).
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5.3 Charge carrier dynamics of Cs4Cd1-xCuxSb2Cl12 (0 ≤ x ≤ 1) perovskite
nanocrystals.

As mentioned previously, several different ions can be used as the B(II) cation. A
mixture of ions can also be present at the B(II) site, enabling bandgap engineering. This
section discusses the influence of cadmium and copper ions being present at the B(II) site
on the ultrafast charge carrier dynamics. The use of Cd as the B(II) cation has yielded
promising results as a p-type transparent conductor146, 157, 158 which is mainly due to its
large bandgap (above 3 eV, Fig. 5.3.1a) and an effective hole mass which is small (1.2m0
, where m0 is the mass of an electron) as found from DFT calculations.146

Figure 5.3.1: Characterization of Cs4CdSb2Cl12 nanocrystals. The absorption
spectrum (a) with an absorption onset around 389 nm. The inset shows the Tauc
plot in the inset revealed a with the band gap of 3.19 eV. (b) TEM image and size
distribution histogram (inset). Reproduced from ref. 148.
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The Cs4CdSb2Cl12 double perovskite nanocrystals were synthesized according to
the procedure described above for Cs4CuSb2Cl12 perovskites. For Cs4CdSb2Cl12, the
Cu(OAc)2 is replaced by cadmium (II) acetate (Cd(OAc)2, 99.99%) in the precursor while
the rest of the synthesis procedure is the same.
Like the layered double perovskite discussed in the previous section, the bandgap
was estimated using the Tauc plot from the absorption spectrum. Figure 5.3.1b shows the
transmission electron microscopy (TEM) image of as-synthesized Cs4CdSb2Cl12
nanocrystals, mostly spherical with an average diameter of 10.4 ± 1.5 nm.151 To observe
the change in the bandgap due to the change in Cd percentage, the absorption spectra and
the corresponding Tauc plots are shown in Fig. 5.3.2. The bandgap is proportional to the
Cd percentage in the synthesized nanocrystals.
Devices were synthesized in the same way as mentioned in section 5.2, and
photocurrent was collected for varying external bias voltage, incident laser power, and
temperature. The IV curve in Fig. 5.3.3c shows that the measured Cs4CdSb2Cl12 device
peak photocurrent is larger (over four orders of magnitude) than the dark photocurrent.
This is similar to the superior charge transport characteristics under light irradiation that
we observed in Cs4CuSb2Cl12 albeit at a larger incident laser intensity (which is expected
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Figure 5.3.2: Bandgap and Tauc plots. Bandgaps for a series of Cs4Cd1xCuxSb2Cl12 (0 ≤ X ≤ 1) double perovskite nanocrystals are determined by
Tauc plots obtained from absorption spectra. Reproduced from ref. 148.
due to the relatively large bandgap of the Cd nanocrystals). The photocurrent spectra
show a quick rise time of ~25 ps and an average lifetime below ~150 ps which is smaller
than what was observed in Cs4CuSb2Cl12 thin films. The initial linear dependence of log-
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Figure 5.3.3: Temporal photocurrent spectra of Cs4CdSb2Cl12 layered double
perovskite. Temporal photocurrent spectra of Cs4CdSb2Cl12 layered double
perovskite. Photocurrent spectra of Cs4CdSb2Cl12 as a function of (a) applied bias
voltage at 7 mW and (b) laser excitation power. The corresponding (c) IV curves
for dark current and peak current show similar trends but the latter is about four
orders higher. Inset in panel (d) shows that the photocurrent peak follows an
Arrhenius relation with activation energy of 28 meV. The insets in panels (a) and
(b) show the log-log plot of the peak photocurrent as a function of voltage bias and
laser intensity.
log peak photocurrent with respect to the applied electric field (bias voltage, Fig. 5.3.3a,
inset) suggests the device’s ohmic behavior, similar to the photocurrent behavior seen for
the Cs4CuSb2Cl12 devices in section 5.2. For the Cu-based device, the peak tends to
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become sublinear at higher voltage biases, thus indicating the ion transport commonly
present in these perovskites and confirmed through the decay time vs. bias voltage profile
(Fig. 5.3.4). The positive linear relationship shown in the log-log peak vs. laser intensity
plot (inset in Figure 5.3.3b) indicates a single photon excitation process similar to the
previously discussed nanocrystal-based devices. The photogenerated carriers are
proportional to the excitation photon density.

Figure 5.3.4: Cs4CdSb2Cl12 decay time. The decay time for
Cs4CdSb2Cl12 device shows a double exponential decay with

increasing bias voltage.
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Figure 5.3.3d shows the temperature-dependent photocurrent for Cs4CdSb2Cl12
nanocrystals. The photocurrent peak increases with temperature, indicating a thermally
activated trap-assisted transport process. As the peak variation is exponential, the data
−

can fit an Arrhenius relation ( e

E
k BT

) between the peak and 1/T. The inset in Fig. 5.3.3d

shows the corresponding ln (peak) vs. 1000/T plot, and we calculate the activation energy
to be ΔE ~ 28 meV. This value represents the initial shallow trap level at the photocurrent
peak, while Fig. 5.3.5a shows the extended Arrhenius plots for ascending time values.

Figure 5.3.5: Trap levels. (a) Arrhenius plots for photocurrent at 50, 75, 100 and 125
ps. (b) the corresponding activation energies, i.e., trap levels.

The calculated activation energies (Fig. 5.3.5b) show an increasing trend with time,
corresponding to the multiple trapping and release transport model.
5.4 Conclusions

This chapter demonstrated that solution-processed layered double perovskite nanocrystals
such as Cs4CuSb2Cl12 and Cs4CdSb2Cl12 can be synthesized as photodetectors with
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ultrafast photoresponse and narrow bandwidth. We expect this study to stimulate future
opportunities to design and fabricate novel lead-free perovskite nanocrystals for several
optoelectronic applications. In addition, insights into the charge carrier dynamics are
elucidated based on the femtosecond transient absorption spectroscopic studies and the
theoretical calculations of the charge distribution and bond characteristics. We anticipate
that our study will serve as a roadmap for both fundamental studies and practical
applications of novel lead-free perovskites in the future.

99

APPENDICES
Appendix A
Transport Properties
Carrier mobility calculations
The mobility calculated in this work is essentially a combination of both electrons (µe) and
holes (µh) since we cannot identify each separately using our technique. Thus, the effective
mobility (μeff =μe +μh ) of the perovskite film can be calculated as3,4

I P = eeff N

E
,
L

A-1

where Ip is the photocurrent peak, e is the electron charge, η is the quantum yield, μP is the
mobility, N is the total number of photons, E is the electric field, and L is the width of the
gap between the electrodes. We can write the electric field as, E =

V
, where V is the bias
L

voltage. Thus, Equation A1 becomes

I P = eeff N

V
.
L2

A-2

Although N is the total number of photons, we require the effective number of photons Neff
(i.e., the number of photons incident on the device area).
If I is the measured intensity of our laser and ħω is the energy per photon, then the total
number of photons generated per second is, n =

I



. In term of experimental conditions,

the laser wavelength is 400 nm (3.1 eV), the laser intensity I is 2 μW, the laser beam size
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is 150 μm x 6 mm, and the active device area is 25 μm x 2 mm. Hence, we obtain an
effective intensity of IEff =

2×10-6 ×25×2
150×6

≈ 111 nW.

For 2 μW we have n = 4×1012 s-1. Then the total number of photons per pulse is
N=

n
,
f

A-3

where f is the frequency of the laser. Our laser operated at 1 kHz; therefore, we have
N = 4×109 . The effective number of photons is then: NEff =

4×109
18

≈ 2.22×108 .

If we assume η, or quantum yield, is equal to 100% (or 1), the width of the gap L = 25 μm,
V = 60 V, e = 1.6×10-19 C, and the resultant peak current is, IP =1.1 mA. Mobility is given
by

eff =

μeff =

I P L2
,
e N eff V

1.1×10-3 ×(25×10-4 )

A-4
2

1.6×10-19 ×1×2.22×108 ×60

≈ 3.6 cm2V-1s-1

Note: the mobility calculation is the lower estimated value because we assume the
quantum yield is 100 %.
External quantum efficiency (EQE) calculations
The external quantum efficiency(φ) is the percentage of excited electrons to the number of
photons and is given by
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=

Ne
,
N

A-5

where Ne is the total number of excited electrons and N is the total number of photons.
To find the total number of electrons, we require the total charge of all the excited electrons
Qe calculated from the photocurrent vs. time curve area. As the data is initially fitted with
a 2 exponential decay fit, the total charge is then given by5,
t
−
 −t
2
1
Qe =   A1e + A2e

t2 
t1

We know, Ne =

Qe
e


dt ,



A-6

. From the plot we find that Q e ≈ 8×10-13 C at room temperature (300 K)

when V = 60 V and I = 2 μW. Thus, the equivalent number of charge carriers is Ne = 5×106 .
N

e
The carrier density is given by, CD = Lwd
where w (2 mm) is the width of the electrode and

d (350 nm) is the thickness of the thin film. Thus, we have CD = 2.8×1014cm-3.
Circling back to Eq. A-5, we find the quantum efficiency at V = 60 V and I = 2μW will be
φ ≈ 2.25%.
Uncertainty Analysis
Uncertainty in the estimated effective mobility (δμeff) can be found through the
photocurrent equation A-4. Then the propagated error can be calculated as,

eff  I P
 L V
=
+2
+
.
eff
IP
L
V
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A-7

Here, e, η and Neff are constant. The measurement errors for δIP , δL, and δV are ±0.1 mA,
±0.1 μm and ±1 μV respectively. Then, for the above mobility value of 3.6 cm2V-1s-1 we
have

eff
3.6

=

0.1
0.1 110−6
+2
+
1.1
25
60

 0.1 0.2 110−6 
2 -1 -1
+
+
  0.3 cm V s
1.1
25
60



eff = 3.6 
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Appendix B
Supplementary Information for Chapter 3

Figure B-1: Ultrafast photocurrent in a longer time window. The bi-exponential fitting of
the ultrafast photocurrent decay at two different temperatures (300K and 80K) gives a
lifetime of ~1 ns for the MAPbI3 thin films. This value is for photocurrent lifetime in
operando devices in which an external electric field is present.

104

Figure B-2: Temperature dependence of ultrafast photocurrent. The normalized ultrafast
photocurrent decay for a second device at various temperatures demonstrates that the
transport properties are the same for all studied devices. The inset shows the dependence
of rate constants with temperature in regions II and III.
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Trap dynamics
To define trapping dynamics, we need to consider several trap-related properties.
1.

Trap depth

2.

Trap density

3.

De-trapping rate

4.

Capture cross-section

5.

Trapping rate

Trap depth (Ea)
The trap depth is calculated directly from the temperature-dependent ultrafast photocurrent.
As mentioned in the main text, the temperature (T) dependent photocurrent can be
described by an Arrhenius equation

I (T ) = I 0 e

 E (T ) 
− a

 k BT 

,

B-1

where Ea is the activation energy, kB is the Boltzmann constant, and I0 is current at Ea = 0.
Thus, from the slopes (slope×kB) of ln(I(t)) vs 1/T we can calculate activation energies in
each region (see Figs. 2b, 2c and 2d). These activation energies are equal to the trap depths.
Case study:
The ln (I) vs. 1/T plot for the region I is shown in Fig. 2b. The activation energy at 57.5 ps
in the temperature range 180 K - 320 K is,
Ea =

13.56×1.38×10-23
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1.6×10-19

≈ 1.17 meV

Trap density (NT)
The change in the log-log peak photocurrent dependence with respect to laser fluence from
linear to sublinear behavior suggests complete trap filling. Additionally, suppose we accept
the premise that all carriers that fall into traps are de-trapped and are collected as
photocurrent. In that case, the total carrier density calculated from the photocurrent should
equal the total trap density NT. Thus, for regions I, II, and III, the trap densities NT1, NT2,
and NT3 can be found by integrating the total curve at 25 ps, 100 ps, and 220 ps,
respectively.
Case study:
100

Trap density in region I: NT =

∫25 I(t)dt
eAL

≈

311×10-15
1.6×10-19 ×9×10-6 ×25×10-4

≈ 3×1015 cm-3

De-trapping rate (kth)
The carrier emission is due to a phonon-assisted tunneling mechanism (PAT), attributed to
the initial de-trapping process in the ultra-shallow, localized states. The PAT model is
validated by the initial decay/rise in the photocurrent spectra and the decay rate fitting in
Fig. 3.5.1. From Eq. 2.4.6, we see that the emission rate increases with the increase in the
electric field. This increases de-trapping, which reduces the decay rate, R(F) (as seen in the
initial increase in the decay time in the inset of Fig. 3.4.5b). Thus, k(F) ∝

to. R( F ) = R(0)e

 F 
 − 2 
 FC 

1
R(F)

which leads

Assuming at zero E-field the emission rate is equal to the decay rate,

the de-trapping rate is found by intercept fitting (ln R(0)) of ln R vs. F2 (kth=R(0)) .
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Case study:
For a constant temperature (300 K), according to phonon-assisted tunneling model, the
intercept from R1 fitting for the region I is -3.29. Thus, the de-trapping rate is,
kth ≈ R(0) = eC1 = 3.7×1010 s-1
We can also find the corresponding tunneling time from the slope of the fitting.
slope =

1
F2C

=

e2 τ3
3m* ħ
1

1

3m*e ħ×slope 3
3×0.23×9.11×10-31 ×1.05×10-34 ×9.7×10-12 3
)
τ= (
) =(
2
e2
(1.6×10-19 )
τ ≈ 0.3 ps
Capture cross-section (σc)
As mentioned above, the thermal de-trapping rate (kth) is equal to the zero-field emission
rate k(0). Because the thermal de-trapping rate is parallel to the photocurrent decay, it
follows an Arrhenius relation. Hence, we can write kth with respect to temperature in an
exponential term

kth = p (0)e

 E 
− a 
 k BT 

.

B-2

Here, p(0) is a material-specific constant that describes trapping characteristics and is given
3

by p(0) = NCth c . Nc is the effective density of states given by Nc = 2 (
Planck constant), νth is the thermal velocity of the carriers given by th =

2πme * kB T 2
h2

3kBT
, and σc is
m*

the capture cross-section, allowing the capture cross-section to be written as
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) (h is the

 Ea 



k
 c = th e kBT  .
N Cth

B-3

Case study:
Then, we have

Nc = 2 (

2×π×0.23×9.11×10-31 ×1.38×10-23 ×300
(6.62×10

-34 2

)

3
2

) ≈ 2.8×1018 cm-3

1

vth = (

3×1.38×10-23 ×300 2
0.23×9.11×10-31

) ≈ 1.3×108 cms-1

Hence for kth = 3.7x1010 s-1 the capture cross-section is,
E
( t )

σC =

kth e kBT
NC vth

=

3.7×1010 ×0.94
2.8×1024 ×1.3×106

≈ 1×10-16 cm-2
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Table B-1: Comparison between trap parameters in 3 different regions. The
parameters are calculated at 300K.
D (cm-3)

σc (cm2)

ktr (s-1)

kth (s-1)

τ (ps)

1.72

3×1015

1.02×10-16

1.14×1011

3.7×1010

0.29

2.02

3×1015

1.03×10-16

1.14×1011

3.7×1010

0.29

2.23

3×1015

1.04×10-16

1.14×1011

3.7×1010

0.29

4.51

2.6×1015

6.68×10-17

2.94×1010

2.17×1010

0.31

5.82

2.6×1015

7.03×10-17

2.94×1010

2.17×1010

0.31

7.02

2.6×1015

7.37×10-17

2.94×1010

2.17×1010

0.31

8.05

2.6×1015

7.66×10-17

2.94×1010

2.17×1010

0.31

10.33

2.3×1015

2.52×10-18

1.53×109

1.41×109

-

11.51

2.3×1015

2.60×10-18

1.53×109

1.41×109

-

11.17

2.3×1015

2.63×10-18

1.53×109

1.41×109

-

Region Ea (meV)

I

II

III

Ea, D, σc , ktr, kth, and τ are trap level, trap density, capture cross-section, trapping rate, detrapping rate, and tunneling time respectively.
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Appendix C
Supplementary Information for Chapter 4
Table C-1: Decay properties. Temperature, decay constant τ1, decay constant τ2, and
average lifetime* of photocurrent

Temperature (K)

τ1 (ps)

τ2 (ps)

Avg lifetime* (ps)

80
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380

65.8
70
70.3
71.0
71.1
73.9
77.2
77.3
77.9
78.2
79.5
84.5
85.5
89.5
96.0
100.3

559.1
710.8
727.3
747.9
787.3
816.4
850.3
863.0
868.6
884.2
885.8
923.4
938.9
941.5
1021.6
1038.0

292.6
312.0
314.1
317.6
319.5
331.0
364.8
371.6
404.4
412.4
440.7
441.1
458.6
476.6
520.6
529.9

 A ( )
2

*the average lifetime is calculated using, Tavg =

i =1

2

 A
i =1

amplitudes.
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2
i

i

i i

where Ai represents fitting

Figure C-1: Peak photocurrent variations of Si, GaAs at 80 K. The electric field
dependence of the peak photocurrent shows a linear behavior for (a) GaAs and (b) Si.
Similarly, the laser intensity dependence of the peak current is also linear for (c), (d)
both materials.
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